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Molecular models from geometry optimization with Spartan 06 and Moller-Plesset perturbation 
theory (mp2) and 631g** basis set (mp2/631g**). Originally, we had used the b3lyp/631g* proced-
ure and came only later to mp2/631g**. 

Symmetry of XII is Cs, molecule on a mirror plane. Structure predictions were performed for un-
restricted geometries and for the model restricted to space group mirror planes (Z' = 0.5). 

Symmetry of XIII is C2v, molecule has C2 and mm symmetry. Structure predictions were per-
formed for unrestricted geometries and for restrictions with the model on a crystallographic 2-fold 
axis and in each of two possible mirror plane orientations (plane of the molecule and perpendicu-
lar to ring plane).
 
For XIV, which is non-planar, efforts were made to establish reasonable torsion angles for the 
[ring]N-C(=S)[exocyclic] and (CH3)2N-C(=S) bonds.  One of our packing programs (ROTPAK) 
has the ability to simultaneously pack and rotate but it was felt this would be unnecessary here.

XV may represent the biggest challenge because of the absence of a clear packing model. A 
search of the CCDC for leads revealed a number of similar structures.  Perhaps the simplest, AD-
ETOT, 2-amino-4,6-dimethylpyrimidine H-bonded to p-hydroxybenzoic acid, was used to model 
the H-bonding orientation of the carboxyl group to aminopyrimidine ring in XV. In XV, the 2-
amino-4-methylpyrimidine moiety is unsymmetrically substituted and two possible models were 
investigated: (1) H-bonding to the pyrimidine N(3); (2) H-bonding to the pyrimidine N(1); H-bond-
ing to the pyrimidine N(1) similar to case (#2), but with the benzene methyl substituent proximal to 
the carboxylic acid OH.  Not surprisingly, the mp2/631g** energies were similar with (1) the low-
est.  Relative to the E of (1) as 0, the energies were (2)  = 1.91, (3) = 4.42 and (4) = 2.38 kJ/mol. 
Structure predictions were performed for all models.

For the two-fragment XV, the aminopyrimidine and benzoic acid components were refined as in-
dependent rigid bodies by dmarel.  Unfortunately, time ran out not allowing the adjustment of a 
few atom-to-atom potential coefficients to provide a better representation of the H-bonded dis-
tances between the fragments.

A suite of programs, procedures and scripts, developed to predict the most probable crystal struc-
ture for an unknown from a three-dimensional model (so-called search probe), was used.  The 
central packing program, MOLPAK (molecular packing), makes use of experimental molecular 
coordination information to construct hypothetical crystal packing arrangements.  MOLPAK co-
ordination geometries are available for the principal triclinic-orthorhombic space groups with Z' 
.le. 8. Several space groups are represented by more than one coordination geometry, such as 
five for the important P21/c.  Thirty-one geometries are used routinely to cover the P1, P-1, P21, 
P21/c, Cc, C2, C2/c, Pca21, Pna21, P21212, Pbcn, P212121 and Pbca space group.  Fdd2, Z = 
16, can be run for molecules with C2 point group symmetry giving an effective Z of 8. Close to 



7,000 crude packing arrangements are produced for each geometry with a normal orientation 
search for the search probe of +/- 90 deg, 10 deg steps. 

Occasionally, a 5 deg step is used to produce about 51,000 arrangements per geometry.  The 
1000-5000 highest density arrangements for each of the coordination geometries subsequently 
are refined by lattice energy minimization.  Previously, the WMIN code which has a monopole 
representation for the electrostatic part of the lattice energy was used.  For this blind test, 
however, the refinements all were performed with the DMAREL code in which a distributed multi-
pole representation is used for the coulombic term.  The refinements optimized the unit cell and 
search probe orientations and translation parameters.  

The various predictions primarily are ranked on the basis of the calculated lattice energies with 
some small consideration given to the calculated densities and a comparison with volume additiv-
ity densities.  In the cases of XII and XIII, predictions which utilized the Cs and C2 point group 
symmetries of the search probes all gave higher lattice energies than the no-symmetry predic-
tions.

Comments on computer time used
We have participated in all of the previous blind tests, but this
by far the most time consuming.  Although there were no serious conformation # issues, three of 
the four targets required multiple packing models.
For example,
(1) XII, Cs symmetry, could pack without restriction or on a crystallographic mirror plane.
(2) XIII, C2v symmetry, could pack without restriction, on a 2-fold axis or in two possible orienta-
tions on crystallographic mirror planes.
(3) XIV, no point group symmetry and no symmetry choices.
(4) XV is perhaps the most difficult and time consuming because of four possible search models 
with relative mp2/631g** energies of 0.0, 1.91, 2.38 and 4.42 kJ/mol.
Our calculations were performed on eight Linux workstations (four Intel dual processor cpu's; 
three Sun dual processor cpu's; Mac dual OS X/Linux with last of IBM Power-PC cpu's) and it 
was not possible to keep track of resources used. However, the time required was HUGE.



S. X. M. Boerrigter, J. Tan

Computational methods.
 
Starting structures for all molecules were drawn using the molecular editor in Gaussian 03 [Gaus-
sian Inc., Pittsburg, PA, USA]. After using the clean function an initial geometry optimization was 
performed using the Hartree-Fock method on the standard basis 3-21g. Subsequent geometry 
optimization was performed using the Møller-Plesset perturbation method to the second order 
(MP2) on the standard basis set 6-311++g(d,p). Due to its size, an exception was made for mo-
lecule XIV for which the final optimization was carried out using density functional theory using 
the B3LYP exchange-correlation functional on a consistent-correlation polarized valence double 
zeta basis set, cc-PVDZ, as opposed to the larger but more common cc-PVQZ. [T. H. Dunning Jr, 
J. Chem. Phys. 90:1007-1023 (1989).] The electrostatic potentials used for the CHELPG method 
were written on file. This data was used to fit a core-shell charge model in which the core charges 
were fixed at +1 e while the shell charges and positions were fitted using a singular value decom-
position method [J.S. Tan, S.X.M. Boerrigter, R.P. Scaringe, K.R. Morris, “Application of Error-
Ranked Singular Value Decomposition for the Determination of Potential-Derived Atom-Centered 
Point Charges”, J. Comp. Chem., submitted (2007); J.S. Tan, S.X.M. Boerrigter, R.P. Scaringe, 
K.R. Morris, “Core-Shell Potential-Derived Charges for Azabenzenes”, J. Comp. Chem., to be 
submitted (2007)]. The so-called CS-RQ method was chosen which starts with an initial determin-
ation of shell displacements. Subsequent cycles of charge value optimizations and shell displace-
ments were performed until the convergence criteria were met. Since atomic polarizabilities were 
not assumed in this charge model, the molecules were treated as rigid bodies from this point on-
ward.

The molecular core shell models were imported in Cerius2 4.9 [Accelrys software ltd., San Diego, 
CA, USA], where the shell charges were treated as dummy atoms. The total charge of each mo-
lecule was averaged to zero. The DREIDING/X6 force field was used using the 'exponential-6' 
function for the Van der Waals interactions, where ζ values were taken directly from table II in the 
original DREIDING paper [S.L. Mayo, B.D. Olafson, W.A. Goddard III, J. Phys. Chem. 
94:8897-8909 (1990)] Standard Ewald summation methods were used for the Coulomb interac-
tions.
To prevent erroneous assignments of molecular bonds due to the presence of the dummy atoms, 
and consequently erroneous force-field types the following workaround was performed. First all 
atoms were selected and all (automatically calculated) bonds deleted. All dummy atoms were 
deselected and the atoms were typed using the standard rule set, and the 'permit bond-type 
decrement' option activated. 

Using the POLYMORPH PREDICTOR [P. Verwer, F.J.J. Leusen, “Computer Simulation to Pre-
dict Possible Polymorphs”, Reviews in Computational Chemistry, 12, 327-365 (1998)] sampling 
methods 7000 trial structures (that is using the 'fine' search level) were generated for each of the 
11 space groups considered, namely P 21/c, P 1 , P 21 21 21, P 21, C 2/c, P b c a, P n m a, P n a 
21, P b c n, P 1, and C c (in order of probability).
Clustering of trial structures at this point was explicitly omitted entirely, except for the or-
thorhombic space groups for Molecules XIV and XV. For those, clustering was performed on the 
'course' level, which by default allows for a maximum of 100 structures for each space group. 
Two molecular conformations of o-toluic acid were considered, one similar to the conformation in 
HALVEV [ie Refcode in CSD], and one where the carboxyl group was rotated by 180 degrees. 
The MP2 energy of the latter was 6.486 kJ/mol more stable, which was corrected for between the 
two independent sets of samplings for XV. The structures of Molecules XII to XIV were sub-
sequently minimized using the batch minimizer of the POLYMORPH PREDICTOR.
For Molecule XV all trial structures were saved to individual .msi files. These were then minimized 
using Cerius2 4.11 [this version runs on Linux, where the POLYMORPH PREDICTOR is not sup-
ported] using the SMART MINIMIZER using all standard options for the 'high convergence' level.
Structures were selected solely based on their lattice energy.



Execution times.
The minimizations of the molecules using Gaussian took no more than a day for each molecule 
on a 1.60 GHz Pentium M (mobile centrino), equipped with 1.5 Gb memory.
The core-shell charge determinations took no nominal execution time.
The total prediction times for molecules XII-XV on a SGI Octane, MIPS r10000, 195 MHz, were 
XII : 55 hr 03 min, XIII: 176 hr 39 min, XIV: 299 hr 24 min, XV: 193 hr 58 min, which excludes the 
minimizations for molecule XV.
The minimizations for molecule XV were carried out on a 3.0 GHz Pentium 4, taking approxim-
ately 280 hrs. When normalized for the speed of the Pentium, a total of 400 hours of CPU time 
was used for the four predictions combined.

Post-analysis.
For comparison to the experimental structures the molecular structures and charge model used 
for the predictions are taken to replace the experimental molecules. The molecules are placed to 
overlap the experimental position as best as possible by manual manipulation. Subsequently, the 
structures were minimized by the same method as used for the predictions.

The lowest energy structure found for XII coincides exactly with the minimized structure, showing 
that the successful prediction represents the same minimum with respect to our force field and 
charge model.

For XIII the lowest energy structure in the prediction is clearly different from the experimental 
structure, but the #2 structure – at first sight – appears very similar. Besides the similar lattice 
parameters: a=3.67, b=13.55, c=15.92 Å; β=111.20°, the orientation of the molecules, viewed in 
the b-c plane, is the same, and so is the dominance of the quartet of Br···Br interactions. 
However, the molecules are relatively shifted along the b-axis by about 1.5 Å causing the square-
like appearance of the quartet to become a parallelepiped, where two opposing Br atoms now 
form a short interaction. In the minimizations it turned out that with minimal distortions of the ex-
perimental unit cell or placement of the molecules it indeed minimized into the #2 structure. 
However, under mild minimization conditions, the experimental structure did produce a local min-
imum which scored as #4 in the predictions, only 0.776 kJ/mol higher than the global minimum.

For XIV the experimental structure was predicted as the #9, 2.1235 kJ/mol above the global min-
imum. To some extent this result suffers somewhat from our inability to treat the molecule flexibly. 
Even though the distortions on the conformation used for the predictions are relatively minor, this 
is well known to have a detrimental effect on the success rate of polymorph predictions.

The prediction for XV suffers most from using rigid body minimizations. The initially flat o-toluic 
acid molecule after the HF/3-21G minimization, became severely distorted on the MP2/6-311G 
level. Namely the torsion angle between the carboxyl and the phenyl ended up as 22° as op-
posed to 8° in the experimental structure. The experimental structure was still found in the 
search, which is remarkable, since no effort was made to extend the search method for this sys-
tem with two molecules in the asymmetric unit with respect to the other predictions. The angular 
distortion caused the experimental structure to score relatively low as #26, 5.802 kJ/mol above 
the global minimum and the unit cell ended up severely distorted as well.



G. M. Day, T. G. Cooper, A. J. Cruz Cabeza, K. E. Hejczyk

Overview of Methodology
The Crystal Predictor program [1] was used to search phase space for each of the four targets, sampling all 
rigid molecule variables (orientations and positions) and unit cell dimensions using a quasi-random low 
discrepancy sequence. A set of the most common space groups was searched for each of the four targets. 
Experience shows [2,3] that the reliability of predictions can be improved significantly by using a better de-
scription of electrostatic interactions than the commonly used atomic charge model. Therefore, the candid-
ate structures generated by the Crystal Predictor package were used as a starting point and further calcula-
tions were performed with the program DMAREL [4], which allows the use of anisotropic atom-atom mod-
els, such as multipole expansions for electrostatics and anisotropic repulsion models. DMAREL rigid mo-
lecule phonon calculations which were used to ensure the stability of minimised structures and, for the two 
rigid single component systems (molecules XII and XIII), to perform free energy calculations on the lowest 
lattice energy putative structures. 

The methodology used for each molecule depended on the difficulties of the molecule and time available 
for the calculations. Details are given below for each molecule.

Molecule XII
Many molecules of this size and with about the same rigidity have been considered in a recent evaluation of 
crystal structure prediction by lattice energy minimisation [2,3]. Therefore, exactly the same approach was 
used as described in these references, except that the search procedure was replaced by the Crystal Predict-
or method and the number of space groups considered was increased.

The molecular structure was optimised in the gas phase using density functional theory, as implemented in 
Gaussian03. The B3LYP functional was used, along with the 6-31G(d,p) basis set. This molecular structure 
was then kept rigid for all further calculations. Two conformations were considered (Fig. 1) – conformation 
A and conformation B. The DFT optimized energies estimate that conformation B is 6.86 kJ mol-1 more 
stable than conformation A in the gas phase. However, crystal structure searches were performed with both 
conformations, in case the higher energy conformation resulted in much better packed crystal structures. A 
simple model potential was used for the crystal structure search to allow time to search 20 of the most com-
mon space groups (P1, P1 , P21, P21/c, P212121, P21212, Pna21, Pca21, Pbca, Pbcn, C2/c, Cc, C2, C2/
m,  Pc, P21/m, P2/c, Pnma, Pccn, R-3), all with Z’ = 1. The search was repeated in each space group until 
the list of low energy structures had converged (no new low energy structures were being located). 150000 
minimisations were performed for each conformation.

Figure 1. Conformation A (left) and B (right) of molecule XII.

The W99 exp-6 model was chosen for repulsion-dispersion interactions and atomic point charges were fit-
ted to reproduce the B3LYP/6-31G(d,p) molecular electrostatic potential using the CHelpG algorithm. All 
structures within 20 kJ/mol of the global minimum were then re-energy minimised in DMAREL (2735 
structures for conformation A and 2543 structures for conformation B), with the atomic charges replaced 



by a distributed multipole analysis [5] of the calculated wavefunction. The program GDMA was used to 
perform the distributed multipole analysis of the Gaussian03 wavefunction. Multipoles up to hexadecapole 
were included on each atomic site. The elastic constants and (k=0) phonons were calculated for each min-
imum using DMAREL - if the elastic constant matrix is positive definite and all phonon frequencies posit-
ive, then a true minimum has been found. Otherwise, the space group symmetry of the crystal was relaxed, 
the structure was distorted along the path to lower energy and energy minimisation was continued until a 
true minimum was found. The final energy minimised crystal structures were clustered to remove duplic-
ates, using the COMPACK algorithm [6] and the final list of structures was ranked on lattice energy. 

The lowest energy crystal structure found using the A conformation has lattice energy = -46.68 kJ mol-1, 
while the best with conformation B has lattice energy = -46.60 kJ mol-1. Clearly, the A conformation does 
not pack sufficiently better than the B conformation to make up for its higher molecular energy. Therefore, 
we only considered the low energy structures with conformation B. 

The vibrational contribution to the Helmholtz free energy was calculated for the 20 lowest energy crystal 
structures (summarized in Table 1) at the crystallization temperature (150K) to see if this resulted in any re-
ranking. For the free energy calculations, enough k-points were sampled in the phonon calculations to give 
about 400-450 phonon frequencies in the lattice vibrational region, eg for P21/c structures, frequencies were 
calculated at 18 k-points, resulting in 429 phonon frequencies. 

Structures 1, 2 and 4 ranked on free energy were submitted. The structure ranked 4 was preferred to rank 3 
because it was the global minimum on lattice energy. Due to the empirical parameterisation of the W99 
model potential, the calculated lattice energy may already incorporate some temperature affects and so we 
are not confident enough in the free energy calculations to exclude the lattice energy global minimum.

Table 1. 20 lowest energy crystal structures of molecule XII. A(150K) is the Helmholtz free energy, calcu-
lated at 150K. The three “official” predictions are in bold. 

Rank 
(Elatt)

Rank 
(Free 
energy)

A (150K) 
/ kJ mol-1

Elatt 
/ kJ mol-1

Space 
group

a / Å b / Å c / Å β / ° ρ 
/ g cm-3

1 4 -46.313 -46.604 P21/c 6.526 5.278 9.927 108.65 1.150
2 5 -46.216 -46.399 Cmc21 3.450 10.011 9.458 90 1.140
3 7 -46.083 -46.380 P21/c 6.515 7.637 6.731 102.33 1.138
4 1 -46.655 -46.360 P212121 7.963 6.599 6.508 90 1.089
5 3 -46.367 -46.042 P21/c 6.959 6.724 9.006 128.71 1.132
6 8 -46.050 -46.010 P21/c 6.594 6.550 8.430 110.31 1.091
7 6 -46.145 -45.991 P21/c 6.593 6.550 8.430 110.31 1.091
8 2 -46.506 -45.948 P1 4.926 5.593 6.714 α = 101.98

β = 111.33
γ = 96.90

1.131

9 12 -45.780 -45.853 Pbca 6.580 9.595 10.418 90 1.132
10 10 -45.945 -45.684 C2/c 12.706 6.633 8.372 105.50 1.095
11 9 -45.961 -45.609 P21/c 6.601 7.725 6.704 97.22 1.098
12 17 -45.462 -45.608 Pnma 13.527

0
3.449 6.926 90 1.152

13 13 -45.719 -45.584 Pbca 6.815 8.493 11.364 90 1.132
14 14 -45.664 -45.545 C2/c 12.836 6.580 8.378 106.01 1.095
15 15 -45.621 -45.536 Pnma 13.849 3.439 6.884 90 1.136
16 20 -43.198 -45.528 P21/c 5.097 10.352 6.535 106.65 1.127
17 19 -44.997 -45.492 P21/c 4.596 11.379 6.803 112.34 1.132
18 16 -45.606 -45.391 C2/c 12.296 6.947 7.735 97.38 1.137
19 11 -45.933 -45.360 P21/c 6.738 6.930 7.769 114.51 1.128
20 18 -45.330 -45.341 P21/c 3.452 13.857 7.621 115.52 1.132



Molecule XIII
The molecular structure and electrostatic model for molecule XIII were generated in the same way as for 
molecule XII, except that the wavefunction for the atomic multipoles was calculated using a smaller basis 
set (a 3-21G(d,p) basis set, but without polarisation functions on bromine). 

Anisotropy in the repulsive wall is known to be important for halogen atoms, so a potential was developed 
for this molecule, with anisotropic repulsion on all atoms. As a starting point, a model potential developed 
for modelling the crystals of chlorinated benzene molecules [7] was taken. This model potential includes 
anisotropy in the repulsive wall around all atoms through an orientation-dependent term in the exponential 
of the exp-6 model:
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Rik is the interatomic axis between atoms i and k and the zi are atomic z-axes, defined to point along bonds 
directed outward from the molecule. All parameters for carbon and hydrogen atoms were taken from the 
chlorobenzenes model and parameters describing oxygen and iodine were empirically derived. However, 
for this molecule, the most important interactions were likely to involve the bromine and fluorine atoms, 
and these had to be parameterized. The ρ1 orientation-dependent terms in (2) were set to zero for fluorine 
and bromine interactions and ρ2 quadrupolar term was chosen to reproduce the ratio of major to minor axes 
observed in close contacts in Br…Br and F…F contacts in known crystal structures [8] (axial ratio = 0.94 
for F, 0.84 for Br). The parameters AF-F, ABr-Br, C6,F-F and C6,Br-Br were adjusted to reproduce the crystal struc-
tures of a set of fluorinated and brominated aromatic molecules (CSD refcodes FACFOE, FACJAU, ZEL-
DOJ and ZELDOJ01 for F and BRNPHL, COXLOQ and TBRMBZ for Br), while geometric combining 
rules were used for all F-X and Br-X interactions. The parameters for this model potential are given in 
Table 2.

Table 2 The molecule IX anisotropic atom-atom model potential.
Atom types Aικ Bικ C6

ικ ρ1
ι ρ2

ι 

ι κ kJ/mol Å-1 Å6 kJ/mol Å Å

Br Br 1184343 3.1422 162583.3 0 −0.10642

Cl Cl 569746 3.3427 8366.9 +0.0156 -0.09386

F F 362940 4.16 689.4 0 -0.03500

CX CX 28957 3.2131 2146.4 −0.2054 −0.3109

CH CH 107333 3.1936 2146.4 −0.0026 +0.0419

H H 2220 3.2575 200.0 −0.0449 +0.0036

CX is a carbon bonded to a halogen, CH is a carbon bonded to hydrogen. Atomic z-axes are defined along 
the bonds pointing out from the aromatic ring.     

The same space groups were searched as for molecules XII. The 9457 lowest energy structures (those with-
in 20 kJ/mol of the global minimum) from the initial search (which used an isotropic repulsion dispersion 



model and atomic charges) were re-minimised in DMAREL using the specifically developed model poten-
tial, with DMA electrostatics. Free energies, including the vibrational contributions to the energy, were cal-
culated in the same was as for molecule XII, but at 300K. The three lowest free energy Z’=1 structures 
were submitted.

Table 3. 20 lowest energy crystal structures of molecule XIII. The three “official” predictions are in bold. 
Rank 
(Elatt)

Rank 
(Free 
energy)

A (300K) 
/ kJ mol-1

Elatt / kJ 
mol-1

Space 
group

a / Å b / Å c / Å β / ° ρ / g 
cm-3

1 1 -112.156 -89.410 P21/c 3.880 13.683 14.403 92.008 2.506
2 2 -111.867 -88.728 P21/c 7.735 14.100 7.163 101.885 2.505
3 3 -111.554 -88.436 P1

(Z’ = 2)
7.210 14.446 14.446 α = 88.81

β = 77.44
γ = 77.15

2.494

4 4 -111.670 -88.287 P21/c 
(Z’ = 2)

7.197 15.135 14.677 105.985 2.492

5 9 -111.061 -87.863 P212121 3.878 13.725 14.175 90 2.539
6 10 -111.019 -87.717 Pbcn 14.104 7.114 15.312 90 2.493
7 13 -110.818 -87.700 P21/c 7.842 14.179 7.113 103.379 2.489
8 5 -111.236 -87.695 Pbca 14.122 7.132 15.245 90 2.495
9 6 -111.133 -87.655 P21/c 3.872 13.569 14.528 98.38 2.536
10 8 -111.071 -87.631 P21 

(Z’ = 2)
3.911 13.297 14.667 93.93 2.517

11 11 -110.950 -87.613 P21/c 3.872 13.546 14.544 98.172 2.536
12 12 -110.932 -87.586 P1 

(Z’ = 4)
3.864 13.983 14.315 α = 90.94

β = 91.79
γ = 92.29

2.480

13 7 -111.074 -87.280 P21212 13.924 14.519 3.847 90 2.462
14 14 -110.399 -86.850 P21 

(Z’ = 2)
7.584 13.622 15.164 101.27 2.493

15 15 -110.122 -86.831 P1 
(Z’ = 4)

3.871 14.147 14.229 α = 86.14
β = 88.28
γ = 88.57

2.465

16 16 -110.062 -86.775 P21/c 3.889 14.765 13.285 93.29 2.514
17 19 -109.586 -86.684 P1  

(Z’ = 2)
7.578 9.541 10.751 α = 84.52

β = 79.10
γ = 87.01

2.522

18 20 -108.996 -86.543 P1
(Z’ = 4)

3.909 13.460 15.019 α = 82.19
β = 89.16
γ = 84.97

2.456

19 17 -109.916 -86.532 P21/c 7.465 9.398 11.806 113.654 2.524
20 18 -109.891 -86.488 P1 7.007 7.949 9.693 α = 67.00

β = 70.87
γ = 75.10

2.062

Molecule XIV

For the flexible molecule, we followed the strategy recently published in refs 9 and 10. The steps of the 
predictions procedure were as follows: 



1) a conformational energy scan of the flexible torsion angles was performed, using DFT, as imple-
mented in the program DMol (VWN-BP functional and double numerical polarised DNP basis 
set). The two torsion angles, τ1 and τ2, indicated in Fig 2, were found to be relevant and a conform-
ational energy surface was calculated on a grid of 20º in τ1 and 30º in τ2.

Figure 2. Flexible torsion angles in molecule XIV (τ1 = S-C-N-C, τ2 = C-N-C-N).

2) Rigid molecule searches were then performed for low lattice energy crystal structures of 12 mo-
lecular geometries taken from this conformational energy surface. The 12 conformations had 
(τ1, τ2) of: (0º,60º), (0º,90º), (0º,110º), (0º,240º), (0º,270º), (0º,300º), (20º,270º), (-20º,300º), 
(-20º,90º), (-30º,270º), (30º,60º) and (30º,90º). Searches were performed using the same algorithm 
as the other molecules (low discrepancy sequence) in the following space groups: P1, P1 , 
P21, P21/c, P212121, P21212, Pna21, Pca21, Pbca, Pbcn, C2/c, Cc, C2, C2/m, Pc, P21/m, P2/c, 
Pnma, Pccn, R-3, Fdd2, I41/a, P41212, C2221. 100000 minimisations were performed for each con-
formation.

3) All those structures within 20 kJ/mol of the global minimum (4700 crystal structures) were then 
refined in two steps. 

a. First, they were minimised with limited conformational flexibility, only allowing the rel-
ative orientation of the rigid groups in the molecule to move. Three groups were fixed as 
rigid during this step: The fused ring system (C7NS2H4), the N,N-dimethyl group (NC2H6) 
and the C=S unit. This step was performed using a literature force field (CVFF). The 
CVFF force field did not maintain C-N bondlengths (between the rigid groups) near the 
DFT calculated values, so these two C-N bonds were reset to the DFT calculated values 
after the CVFF minimisation.  

b. The final step was to fix the resulting conformations within each crystal structure and 
perform a lattice energy minimisation with an accurate intermolecular model potential. 
Here, the W99 parameters were used for all interactions involving C, N and H. Paramet-
ers for S…S were taken from Abraha and Williams [11] and geometric mixing rules were 
used for all S…X interactions. The electrostatic model in this final step consisted of 
atomic multipoles, from a distributed multipole analysis on a wavefunction 
(B3LYP/6-31G(d,p)) calculated for the conformation in each crystal structure (ie a single 
point DFT calculation for each crystal structure, here calculated using the program CAD-
PAC). 

4) The total energies of the crystal structures were calculated as a sum of the DMAREL 
(W99+DMA) lattice energy and the conformational energy, which was evaluated from the final 
(τ1, τ2) values in each crystal structure using a polynomial interpolant of the DFT conformational 
energy surface calculated in the initial conformational scan.

The structures were then clustered using the COMPACK algorithm (comparing intermolecular atom-atom 
distances in a coordination sphere of 15 molecules). The lowest energy version of each cluster was kept. 
The 20 lowest energy structures are listed in Table 3. The three submitted structures were chosen as the two 
lowest in total energy and the fifth lowest in total energy. Structure 5 was chosen instead of 3 or 4 because 
it is the structure with the lowest lattice energy. We are not highly confident in the accuracy of the calcu-



lated conformational energies and in the balance between the calculated inter- and intra-molecular energies 
and our experience with other flexible molecules is that the structure with lowest lattice energy is a likely 
crystal structure. Our experience is also that crystal structure density is an important consideration when 
there are uncertainties in the quality of the calculated relative energies. Our second entry represents the 
highest density crystal structure from our search.

Table 4. 20 lowest energy crystal structures of molecule XIV. The three “official” predictions are in bold. 
rank Etot / kJ 

mol-1
Elatt / kJ 
mol-1

Erel,mol/ 
kJ mol-1

Space 
group

a / Å b / Å c / Å β / ° ρ 
/ g cm-3

τ1 / °
(SCNC)

τ2 / °
(CNCN)

1 -114.98 -116.045 1.066 P21/c 14.169 9.057 9.140 95.02 1.45 -2.26 -70.04
2 -114.39 -115.640 1.245 P21/c 7.261 13.624 13.053 116.04 1.46 -7.12 -66.64
3 -114.17 -114.946 0.778 P21/c 9.121 10.436 12.749 102.80 1.43 -4.68 -72.43
4 -113.14 -119.138 5.996 P21/c 11.749 7.455 13.519 96.626 1.44 4.75 97.95
5 -112.24 -121.029 8.789 P212121 20.435 7.706 7.598 90 1.41 -5.10 113.28
6 -112.12 -119.794 7.678 P21 7.415 7.389 10.963 100.76 1.43 0.08 91.46
7 -111.59 -117.087 5.494 P21/c 12.968 9.416 10.216 108.39 1.43 -1.79 106.24
8 -111.1 -117.617 6.517 P21/c 12.473 9.894 10.078 108.39 1.43 -9.24 103.22
9 -110.63 -110.980 0.349 C2/c 27.504 6.899 14.765 119.78 1.39 -7.94 -68.46
10 -110.13 -116.512 6.379 Pna21 22.017 7.619 7.125 90 1.41 4.70 111.46
11 -109.99 -113.584 3.592 P21/c 8.971 14.056 10.453 116.69 1.44 -12.52 -77.74
12 -109.98 -114.637 4.655 P21/c 11.349 7.122 14.648 94.67 1.43 -5.33 -63.30
13 -109.74 -110.079 0.343 P212121 21.888 7.424 7.384 90 1.41 -6.78 -69.07
14 -109.73 -109.985 0.253 P21/c 12.280 7.124 13.976 91.91 1.38 -8.47 -71.90
15 -109.67 -114.288 4.613 P21/c 9.708 9.178 14.244 111.57 1.43 -0.87 -64.15
16 -109.18 -115.642 6.462 P1 7.316 7.451 12.012 α = 99.29

β = 92.87
γ = 116.65

1.48 -11.50 105.59

17 -109.05 -117.236 8.186 P1 8.019 9.297 11.916 α = 111.26
β = 92.77
γ = 102.02

1.05 -16.79 110.20

18 -108.78 -110.595 1.814 P212121 7.656 10.290 15.449 90 1.39 -2.88 -74.74
19 -108.76 -112.843 4.080 P21/c 7.222 22.378 8.726 122.96 1.43 -12.88 -63.54
20 -108.74 -114.867 6.126 P21/c 7.328 7.320 22.494 98.64 1.42 10.32 78.97

E,tot = total energy (lattice energy + relative molecular energy).

Molecule XV

The initial search procedure used was the same as for the rigid molecules, but involved the extra degrees of 
freedom associated with two independent molecules in the asymmetric unit. Searches were performed in 
the following space groups: P1, P1 , P21, P21/c, P212121, Pna21, Pbca, Pbcn, C2/c, Cc, Pc, C2/m and 
Pnma. Two conformations of o-toluic acid had to be considered (Figure 3), so two separate searches were 
performed, each consisting of ~ 300000 energy minimisations. 
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Figure 3. Conformations of o-toluic acid used in the two independent searches. (Conformational energies 
calculated by density functional theory.)

We found that two forms of molecular flexibility could be important for this cocrystal: out-of-plane twist-
ing of the acid group in the acid and amide pyramidalisation of the amine group in the base. We considered 
the slight molecular flexibility for this system in a similar manner to the our recent study of carbamazepine 
[12]: each of the structures from the initial search were reminimised with a series of molecular conforma-
tions with small distortions away from the gas phase DFT minimised molecular conformations: three con-
formations of the amine group (planar and pyramidalised above and below the plane of the aromatic ring), 
three conformations of the acid around the global minimum (θ = 0 and ±10º) and five conformations of the 
acid around the local minimum  (θ = 180, ±170 and ±160º) were used, ie 9 combinations of conformations 
were tested for the crystal structures generated in search 1 and 15 combinations for search 2. After lattice 
energy minimisation, the combination of conformations giving the lowest total energy (lattice + DFT calcu-
lated molecular energies) was chosen as the best combination of acid and base conformations. This proced-
ure was performed for the 450 and 90 most stable crystal structures from the initial rigid molecule searches 
1 and 2 respectively. The lattice energy calculations at this stage were performed using the W99 model po-
tential and a distributed multipole electrostatic model, as for the other molecules in the blind test (the DMA 
was calculated using the program CADPAC).

After the initial search procedure was finished, we noted that many of the resulting crystal structures had 
unreasonably short OH…N hydrogen bonds (O…N distances near 2.0Å). As a result, many structures 
without all hydrogen bond donors and acceptors satisfied were being assigned favourable lattice energies. 
After examining the results, we concluded that the acid hydrogen parameters in W99 were not performing 
well with the distributed multipole electrostatics. However, if the alcohol H parameters are used for the 
acid H in o-toluic acid, better hydrogen bond geometries were found in the energy minimised structures. 
We therefore re-energy minimised all crystal structures (again, with all 9 and 15 combinations of conform-
ations) with this change in hydrogen parameters. The final structures were clustered using the COMPACK 
algorithm and ranked by total (lattice + conformational) energy. The 20 lowest energy structures are sum-
marised in Table 5.

The three submitted structures were chosen as: i) the first, ii) the second and iii) the seventh crystal struc-
tures based on total energy ranking. The seventh crystal structure was chosen as it is the lowest energy 
crystal structure of the alternate o-toluic acid conformation (generated from conf180) and has a very similar 
lattice energy to the structure number one. (We note that the structures are very similar, except for the posi-
tion of the methyl group on o-toluic acid.) Additionally, the relative conformational energy of o-toluic was 
found to be highly dependent on the ab initio method used. If the conformational energy calculated with 
mp2 is used (instead of the DFT one), the structure number 7 comes down in total energy as the second 
most stable. 



Table 5. 20 lowest energy crystal structures of the cocrystal “molecule XV”. The three “official” predic-
tions are in bold. 

rank Etot / kJ 
mol-1 Space group a / Å b / Å c / Å β / ° ρ / g cm-3

1 -180.71 P21/c 11.948 6.458 17.476 110.36 1.289

2 -177.72 P1 4.065 11.610 13.886
α = 100.02
β = 96.66
γ = 96.42

1.283

3 -177.44 C2/c 27.698 4.012 22.703 96.17 1.299
4 -177.24 P21/c 7.201 13.943 13.850 112.92 1.272
5 -176.46 P21/c 12.016 6.212 18.353 109.804 1.264

6 -175.96 P1 4.052 12.265 13.776
α = 71.09
β = 84.56
γ = 80.515

1.279

7 -175.76 P1 4.039 11.792 13.961
α = 104.68
β = 96.20
γ = 99.06

1.300

8 -175.74 P21/c 7.583 23.075 7.252 95.98 1.291
9 -175.65 P21/c 4.054 11.488 27.939 97.89 1.264

10 -175.64 P21/c 16.826 4.068 21.394 116.033 1.238
11 -175.31 P21/c 3.929 28.163 11.546 92.006 1.276

12 -175.26 P1 7.381 7.395 12.133
α = 103.15
β = 96.67
γ = 95.53

1.283

13 -175.00 P1 4.039 8.191 19.828
α = 86.04
β = 84.64
γ = 80.01

1.269

14 -174.89 Pbca 12.681 13.741 14.763 90 1.267
15 -174.87 P21/c 10.795 7.195 16.300 91.45 1.287

16 -174.58 P1 7.599 8.044 12.599
α = 97.31
β = 99.27
γ = 117.16

1.246

17 -174.42 P1 7.140 7.969 11.673
α = 86.45
β = 73.87
γ = 83.56

1.285

18 -174.33 C2/c 24.063 6.965 15.706 96.75 1.247

19 -174.25 P1 4.034 8.191 20.159
α = 86.08
β = 88.31
γ = 75.88

1.265

20 -174.17 C2/c 24.307 4.083 27.337 107.73 1.261

Computational cost
Molecule XII: 
Search (CrystPred): 96 CPU hours per conformation = 192 CPU hours
Final energy minimisations (DMAREL): ~16.5 CPU hours per conformation = 33 CPU hours
Free energy calculations (DMAREL): ~45 CPU hours

Molecule XIII:
Search (CrystPred): 210 CPU hours 
Final energy minimisations (DMAREL): ~320 CPU hours
Free energy calculations (DMAREL): ~50 CPU hours



Molecule XIV:
Search (CrystPred): 300 CPU hours 
Final energy minimisations (flexibility and DMAREL): ~160 CPU hours 

Molecule XV:
Search (CrystPred): ~ 300 CPU hours
Final energy minimisations (DMAREL): ~ 70 hours
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Raffaele Guido Della Valle and Elisabetta Venuti 

In our Xfind procedure for crystal structure prediction [1] the crystals are described in 
terms of rigid molecules interacting through a model potential. We generate thousands of 
different initial structures and then minimize their lattice potential energy by adjusting 
cell axes, cell angles, positions and orientations of the molecules. Finally, we analyze the 
structures to identify their space group and to recognize minima encountered more than 
once. This procedure was used to predict possible stable crystal structures for test systems 
XII, XIII and XV (a 1:1 cocrystal of o-toluic acid and 2-amino-4-methylpyrimidine. Mo-
lecule XIV cannot be considered as rigid and was ignored. Lattice energy and density 
were our main structure selection criteria.

Molecular geometry. The ab-initio molecular geometries of the various compounds 
were determined with Gaussian03 [2] with the B3LYP/6-31G* combination of density 
functional and basis set. Only a single structure, planar with C2v point group symmetry, is 
possible for 1-chloro-2,6-dibromo-4-fluorobenzene (molecule XIII). For acrolein (mo-
lecule XII) we have chosen the trans form, planar with Cs symmetry, since it is found ex-
perimentally stabler than the cis form, both in gas [3] and liquid crystal [4] phases. For o-
toluic acid we have selected the Cs symmetry conformer indicated by Böhm and Exner 
[5]. They have shown that the molecular skeleton is planar and that there are no hydrogen 
bonds between the methyl hydrogens and the carbonyl oxygen. On the contrary, the dis-
tance between the -CH3 hydrogens and the -COOH is maximized in the orientation as-
sumed by the two groups. For 2-amino-4-methylpyrimidine the X-ray structure [6] exhib-
its rotational disorder at the -NH2 group. We have chosen the Cs symmetry conformer, 
with the -NH2 on the molecular plane and the -CH3 hydrogens oriented to minimize the 
distance from the nearby pyrimidine N atom, because this is the arrangement found in 
most ordered crystals containing similar molecules [7].

Potential model. The intermolecular potential was described by the AMBER model [8], 
in which intermolecular interactions are represented by an atom-atom potential with elec-
trostatic and Lennard-Jones terms, Vij(r) = qiqj/r +4εij[(σij/r)12−(σij/r)6]. Following the AM-
BER protocol [8], the atomic charges qi are the "ESP" charges [2] fitted to the ab-initio  
electrostatic potential evaluated at the B3LYP/6-31G* level.

Choice of initial structures. In our previous searches [9,10,11] initial crystal structures 
were generated without symmetry constraints (space group P1), by independently varying 
the unit cell axes a,b,c and angles α,β,γ, together with the positions and orientations of a 
given number Z of molecules. The actual space group was then determined a posteriori 
by analyzing the final structures after energy optimization. Given enough computer time, 
this strategy certainly saturates the search space, but it is inefficient since high symmetry 
structures with Z ≥ 2 are encountered very rarely [11]. To lessen this problem, we 
searched not only for structures with Z=1 and 2 in the P1 space group, but also in the 
space groups most frequently found in the statistical surveys on the experimental struc-
tures of molecular crystals [12]. Structures with Z'=2 were searched despite the informa-



tion that Z' ≤ 1 for all test systems, since cell halving was allowed (i.e. the actual Z' may 
decrease after optimization).

A program [1] was written to generate structures in any chosen arrangement, given the 
molecular geometry, the space group, the number Z' of symmetry independent molecules 
and their Wyckoff positions [13] in the unit cell. Given only this information, the pro-
gram derives a set of constraints concerning the lattice parameters a,b,c,α,β,γ and the mo-
lecular positions and orientations. The constraints reduce the dimensionality of the para-
meter space which must be sampled to generate the initial structures, greatly increasing 
the search efficiency. In addition, since random sampling often exhibits gaps and clusters 
of points, which may be wasteful of computer time, we instead use a low-discrepancy So-
bol' sequence [14], which ensures more uniform, and thus more efficient, distributions.

Calculations. For test systems XII and XIII we generated initial configurations in a set of 
frequently occurring [12] structural classes with Z'=1 and 2, chosen among those consist-
ent with the molecular symmetry. For cocrystal XV we generated initial structures (all 
with Z'=1) with two different strategies, labeled as "two molecules" and "single 
complex", respectively. In the first strategy we simply arranged o-toluic acid and 2-
amino-4-methylpyrimidine as two independent molecules in the unit cell. The second 
strategy was based on the observation that investigations on the most common packing 
motifs involving carboxylic acids and amino-pyrimidines [15,16] and related crystallo-
graphic studies [7] suggest that a hydrogen bond cycle, involving O…HN and OH…N 
bonds, is likely for the cocrystal. We thus built a molecular complex with the expected 
arrangement, optimized its intermolecular potential with Wmin [17] and generated struc-
tures by considering the complex as a single molecule with Cs symmetry. Once structures 
were generated, the two fragments were left free to move independently.

The potential energy of all initial configurations for tests systems XII, XIII and XV was 
minimized with Wmin [17], subject to the appropriate space group constraints. Configur-
ations that failed to converge to stable bound states (i.e. to high density structures with 
negative potential energy) were discarded. We then checked for possible structural in-
stabilities by computing with Ionic [18] the lattice vibrational frequencies at the center 
and at the boundaries of the Brillouin zone. The frequencies νk must be real and positive 
for all wave-vectors k, as a necessary mathematical condition for local stability. Non pos-
itive frequencies indicate that the system is at a saddle point, rather than at an energy 
minimum. In most cases we could still reach a nearby minimum by repeating the energy 
minimization after properly lowering the symmetry of the system.

Identical minima encountered more than once were finally identified by comparing ener-
gies, densities, and structures. At this purpose, we used the distance comparison method 
[11,19] in which one lists all interatomic distances between a suitable number of neigh-
boring molecules and then computes an r.m.s. deviation between individual lists. For the 
minima of the test systems we found deviations either below 0.1 Å (between structures 
identical within our computational accuracy) or well above 0.1 Å (between distinct struc-
tures). Once found the potential minima, we analyzed their structures with Platon [20] to 
identify the space group [21]. This step is necessary since structures often converge to 



minima whose actual symmetry (with reasonable accuracy) is higher than initially as-
sumed. In these cases (which include cell halving) we repeated the energy minimization 
after imposing the additional constraint required by the increased symmetry.

Computing time. Computations were distributed on a cluster of 8 processors at 2.2 GHz, 
64 bits. Accumulated processor times were 12, 15 and 43 days for test systems XII, XIII 
and XV, respectively. About 96% of the time was spent in energy minimization.

Number of minima. We have estimated the number of distinct minima by adapting the 
"capture-recapture" method used to estimate population sizes in wildlife ecology [22]. 
The method is based on the observation that if one samples repeatedly, with replacement, 
from a population of size m, the number of trials required for the first repeated sampling 
of some individual has expectation value √2m. To estimate an unknown population size 
one thus keeps sampling until an individual is sampled twice for the first time. If X is the 
required number of samples, the estimate for the size of the population is then  m = X2/2. 
When the sampling distribution is non-uniform, as it happens in our case where not all 
minima are equally accessible, one actually obtains a lower limit for the population size.

For cocrystal XV, in practice, we have not been able to reach the estimated number of 
distinct minima, due to insufficient computational resources. The coverage of the search 
space is thus certainly inadequate. For most structural classes chosen for systems XII and 
XIII, instead, we might have obtained an adequate coverage, since we have exceeded the 
estimated lower limit.

Search results. For systems XII and XIII all deep minima (at least up to energy rank 4) 
have Z'=1, in satisfactory agreement with the information that Z' ≤ 1. Structures with Z' > 
1, which in both cases represented around 30% of all minima and over 75% of the dis-
tinct minima, will not be considered hereafter. For system XV minima with Z' > 1 were 
neither searched nor found.

The system that presented fewest problems is that of molecule XIII. We generated 49000 
different initial configurations, of which 14% successfully converged to stable bound 
structures with Z'=1. After identification of structures found more than once, we were left 
with 649 distinct minima in an energy range of 6 kJ/mole. The three deepest minima were 
chosen as best predictions. The second deepest minimum is also the densest structure. All 
choices were encountered a large number of times, regardless of the initial Z' (either 1 or 
2), and have P21/c monoclinic structures with four molecules on generic sites, which is by 
far the most common arrangement in the statistical surveys [12].

For cocrystal XV only 11% of the 38000 initial structures converged successfully, leav-
ing us with 2758 distinct minima spanning 10 kJ/mole. Among all structures with the ex-
pected hydrogen bond cycle (77% of the distinct minima), we have chosen the most 
stable structure (at energy rank 4) and the densest structure (which is also the global 
density maximum, at rank 16) as the first and second best predictions. The third choice is 
the global energy minimum (with a non-cyclic arrangement). Also for this system all 
choices have P21/c structures with Z=4.



For molecule XII about 29% of the 42000 initial structures reached a minimum, leading 
to 574 distinct minima with Z'=1 distributed over a range of 4 kJ/mole. The two deepest 
minima, both belonging to the rather unusual [12] space group Pca21, were encountered 
very rarely and only when starting from initial structures with Z'=2. We have arbitrarily 
decided to skip the second (and more rarely encountered) minimum. Our three choices 
are the minima at energy rank 1 (space group Pca21 with Z=4), 3 (P21 with Z=2) and 30 
(the densest structure, Pbca with Z=8).

Post analysis. Once the actual crystallographic data were disclosed, having verified that 
all computed molecular geometries closely match the experiments, we used the experi-
mental structures as the starting points of further lattice energy minimizations. All experi-
mental structures converged to minima well above the deepest minima encountered in the 
search, by +1.11, +5.18 and +1.81 kJ/mol for systems XII, XIII and XV, respectively. 
Thus, it is clear that the potential model [8] is not adequate for a reliable ranking of the 
energy minima. Our search strategy, instead, appears to be quite efficient in saturating the 
search space. In fact, the experimental structures for molecules XII and XIII converged to 
minima already encountered during the search, at rank 13 and 84, respectively. The ex-
perimental structure of cocrystal XV, instead, converged to a new minimum, which, if 
found, would have energy rank 11.
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Supplementary Information

Crystal Structure Prediction - Blind Test 2007

Tejender S. Thakur and Gautam R. Desiraju*

School of Chemistry, University of Hyderabad , Hyderabad 500046, India

General methodology
 Software used = Polymorph Predictor in Cerius2 Version 4.10 and Gaussian 03

Rigid minimization
Geometry = DFT optimized geometry at B3LYP method using Gaussian03
Charges used = Ab-initio espd charges obtained at the same level of theory.

Force fields
COMPASS force field was used for the molecules of category 2 and 4
Dreiding force field was used for molecule of category 3 
Force field parameters
EWALD summation method was used for both vdW and Coulombic energy calculations using real space 
cut-offs of 6 and 8 Å respectively.

Polymorph prediction

Monte Carlo Simulation
No. of space groups searched =17
Search level = fine 
Maximum number of trials = 7000
No of trials to accept before cooling =12
Minimum Monte Carlo move factor =0.10E-08
Cluster analysis
Level =fine
Cut off = 7.00 Å
Number of bins = 140
Tolerance =1.1300
Number of cluster in output =800
Minimization
RMS Force =0.001
Steps =5000

Flexible Minimization
After generation of possible crystal structure, fine minimization was done for category 2 and 3 of 
ignoring rigid bodies i. e. a full flexible minimization was done.
Minimization parameters
RMS force =0.0005
Steps =8000



Molecule XII

We abandoned work on this compound after some preliminary studies. 

Molecule XIII

DFT optimized geometry at B3LYP/6-3111+G(d, p) level of theory was subjected to rigid polymorph 
prediction analysis using  COMPASS force field in the Cerius2 software. The final structures were re-
optimized with flexible minimization and clustering was performed. All the structure were ranked with 
respect to their lattice energies. Top three structures in the energy rank were taken as the most probable 
structures  in  the  absence  of  specific  synthon  or  experimental  information.  We  note  that  CSP  of 
fluorinated and brominated aromatics may be problematic because of force field inadequacies.

Energy rank and reduced cell parameters: -

Rank   Space group   Density    E/Frag       a           b         c        α            β       γ       Volume
1          P_21_c            2.6714    -24.9555    3.874    10.699  17.299  90.00  90.00  90.41  717.0
2          P_21_c            2.6286    -24.6885    3.829    11.127  17.143  90.00  90.00  90.00  730.0
3          P_n_a_21        2.6219    -24.5572    3.741    13.381  14.705  90.00  90.25  90.00  736.0



Molecule XIV

N

S S

S

N
CH3CH3

1

2
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4

Geometry was optimized at B3LYP/6-31+G(d,p) and flexible PES scan was performed for the rotation 
around  N-C bond. Rigid polymorph prediction was performed for seven dihedral angles with values C1-
N2-C3-N4 chosen from the PES scan around the minimum energy structure.

Conformer Dihedral Relative energy (kcal/mol)
Conformer A 59.30544 1.37
Conformer B 69.30547 0.37
Conformer C 74.30538 0.12
Conformer D 79.30532 0.00 (Minimum energy conformer)
Conformer E 84.30522 0.03
Conformer F 89.30520 0.16
Conformer G 99.30522 0.74

The chosen conformers  were subjected to rigid polymorph prediction analysis.  The finally obtained 
structures were minimized again using flexible minimization and ranked according to energy. Noted here 
are the conformational issues and lack of reliable force fields for the S-atom. The CSP has been carried 
out after making simplifying assumptions on both these issues. We found this to be the most difficult 
molecule in the test.

Energy rank and reduced cell parameters: -

Rank   Space group   Density    E/Frag       a           b            c         α            β       γ         Volume
001   C_2_c                 1.1668   -9.9759     6.570   14.099   14.197  112.70    90.00  103.47    1174.0
002   C_2_c                 1.2162   -9.5091   10.118   10.118   13.401    69.80    69.80    64.01    1126.0
006   C_2_c                 1.1394   -7.4715     6.905     9.018   21.024    95.83    90.00  112.51   1202.0

Structures 1, 2 and 6 in energy rank were chosen for this category 
Structures 3, 4 and 5 were rejected based upon unusual packing while 4 was also rejected based on the 
unexpected space group (non-centrosymmetric).

Owing to various difficulties we are the least confident about this prediction.



Molecule XV (co-crystal)

2-methylbenzoic acid + 2-amino-4-methylpyrimidine (1:1; Z’=1)

Methodology: - Individual components of the co-crystal were optimized at B3LYP/6-31G(d,p) basis set 
using Gaussian03. A set of four possible combinations(4a, 4b, 4c, 4d) of the acid and the base were taken 
for study based upon synthon analysis of  similar class of co-crystals available in the CSD and a few from 
our own experimental database (unpublished).

4a 4b

-819.2113882 hartree -819.2123429 hartree

4c 4d

-819.2123834 hartree -819.2112374 hartree

Co-crystals 4b and 4c were chosen for further work because of their relative lower energies compared to 
4a and 4d. Top 200 structures obtained from the polymorph predictor for each 4b and 4c co-crystal were 
merged together  and re-ranked based upon energy.  Final  200 structures  were  re-ranked taking into 
account three important points

1. Energetic preference of 4c over 4b
2. Linear tetramer synthon preferred over interlayer synthon or cyclic tetramer synthon
3. Centrosymmetric space group preferred over non-centrosymmetric space group.  

 
Energy rank and reduced cell parameters: -

Rank   Space group   Density    E/Frag       a               b            c           α            β        γ       Volume
005        P_-1              1.3652    -44.5659     7.029      7.531    11.855     81.46   74.85    82.97    597.0
007        P_21_c          1.3232     -44.4183    4.017    13.928    22.192     90.00    90.00   97.38  1231.0
001        P_21_c          1.3227     -45.9054    5.302    14.440    16.251     90.00    90.00   98.15  1232.0
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Van Eijck (UPACK , XTINKER)
It is difficult to provide a completedescriptionof themethodologyin theallottedspace.Where

no detailsaregiven,theprocedurewasthesameasdescribedin thesupplementarymaterialof the
2005paper[1] andreferencesgiventhere.

Briefly, the randomsearchtechniqueimplementedin the UPACK programpackagewasused
in 13 spacegroups. For compoundsXII and XIII additionalcalculationswith two independent
moleculesin the unit cell werecarriedout in five spacegroups. This deliveredsomenew Z

���
1

structuresin lesscommonspacegroups.
For thestructuregenerationtheLennard-Jones(LJ) OPLSforcefield [2-5] wasusedandfor later

calculationsthe Price-Williams (PW) Buckinghampotential[5-8]. All torsionalanglesinvolving
sp2 C atomswererestrainedto planaritywith aidof harmonicor torsionalpotentialterms.Thesame
wasdonefor the exocyclic N atomsandfor the five-memberedring in compoundXIV, asboth a
searchin theCSDdatabase[9] anda 6-31G* ab-initio geometryoptimizationsuggestedthat these
fragmentsshouldbe essentiallyplanar. Furthertorsionalparameterswere adjustedto reproduce
6-31G* optimizationswith fixed torsionalparameters,asdetailedbelow. Again, a databasesearch
confirmedthegeneralresults.No explicit torsionalparametersweresetfor themethylgroupswhose
conformationwasassumedto bedeterminedmainlyby nonbondedinteractions.

All ab initio calculationsweredonewith theprogramGAMESS-UK [10]. Exceptfor compound
XIII, chargeswere obtainedfrom ESPfittings using MOLDEN [11] on 6-31G** wave functions.
In the final energy calculationthesepoint chargeswerereplacedby an anisotropiccharge model
with multipolesobtainedby ESPfittings, calculatedindividually for themostpromisingstructures.
Theintramolecularnonbondedenergy wasLJ with point charges,theintermolecularvanderWaals
energy wasthe PW potential. This is the MP/FF approach;for compoundXII it wasfeasibleto
usean SCF/DZ (2dO) wave function and to replacethe intramolecularpotentialby the ab-initio
6-31G* energy (the MP/AI approach). No thermodynamiccorrectionsto obtain the free energy
weremade.Theenergy differencesbetweenaconsiderablenumberof structures(asdetailedbelow)
weresmallerthantheexpectedaccuracy, soeachsubmissionof thefirst threeis ratherspeculative.

As apreliminary study, calculationswerealsoperformedfor thetwo componentsof compound
XV separately. Only the spacegroupP21 � c wasstudied,correspondingto the experimentalone.
Themostpromisingstructureswereanalyzedwith theMP/FFapproach.

For XAQNUZ (2-amino-4-methylpyrimidine) theexperimentalstructurewasfoundat ∆E � 3 � 0
kJ/molabove theglobalenergy minimum,rankingR � 20;not verypromising!

For OTOLIC (o-toluicacid)torsionalparameterswerefoundfrom 6-31G* energy optimizations,
which indicatedthatC=O cis to theC(CH3) atomis morestablethantrans by 4.5kJ/mol,andthat
theCH3 groupgauche to theC(COOH)atomis morestablethancis by 9.4kJ/mol.Experimentally,
only the cell parametersareknown. In the calculationsthe global minimum correspondedwithin
4% for thecell axesand0.1� for β with thesedata.Thesituationis exceptionallyfavourableasthe
next hypotheticalstructureis 4.8kJ/molhigherin energy, andno otherlow-energy structurefits the
experimentaldata.Thusthereconstructionof thedetailedstructureappearsto bequitereliable.It is
submittedin thefile vaneijck-otolic.cif.

For compound XII the 118 structureswithin a window of 4 kJ/mol in the LJ potentialwere
analyzedwith the MP/AI approach. The deviations betweenthe two methodswere lessthan 2
kJ/mol, so this selectionshouldbe complete. All thesestructuresare trans, the first cis structure
occurringat 8 kJ/mol above the global minimum. Therewere 25 structureswithin the expected
accuracy of about1.5kJ/mol.
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For compound XIII thestructuregenerationdelivered132structureswithin 4 kJ/mol. TheLJ
andPW potentialsagreedon thebestthreestructures;no further calculationsweremade.Perhaps
surprisingly, no additionalsymmetrywasfoundin thesethreecandidates.Therewere60 structures
within theexpectedaccuracy of about4 kJ/mol.

In compound XIV the torsionalanglesweredefinedasφ = C(S)–N–C–Nand ψ = N–C–N–
C(H3). Only onegeneralconformationwasexpectedfrom 6-31G* energy optimizationswith one
or two fixed dihedralangles,for a fragmentwherethe phenyl groupwasomitted. This led to the
torsionalpotential: V (kcal/mol) = � 2 � 0 � cos2ψ1 	 cos2ψ2 
 � 3 � 0cosφ 	 5 � 0cos2φ. The starting
structurewasthe global minimum, with φ � 82� , ψ1 � 5� andψ2 ��� 173� . The 118 structures
within 12 kJ/mol were analyzedwith the MP/FF approach.Therewere10 structureswithin the
expectedaccuracy of about6 kJ/mol.

For the cocrystal XV it was found difficult to obtainan even approximatelycompleteset of
structures.Especiallyfor thespacegroupsP21 � c andC2 � c hardlyany equivalenthits werefound,
andherethenumberof trial structureswasincreasedto 60000and30000,respectively (at a great
expenseof computertime). As the6-31G** chargesseemedratherlarge,adielectricconstantε � 2
wasassumedin the structuregeneration;it hadbeenverified that this gave optimal resultsfor the
individualcomponents.Therewerenearly2000structureswithin 10kJ/moland717within 8kJ/mol.
Althoughprobablyincomplete,thelattersetwasalreadyhugefor analysiswith theMP/FFapproach.
A secondcycle wasdonefor the 240beststructures.Therewereat least20 structureswithin the
expectedaccuracy of about6 kJ/mol.

The computing times (Table 1) for compoundsXII and XIII are small, for compoundXIV
modest,andfor compoundXV excessive. Exceptionally, the latter is mainly dueto the structure
generationphase.Thepossibilityof extendingUPACK to allow rigid moleculesin thisstageis under
consideration.

Table1. CPUtimeused(hours)for thecrystalstructurepredictions.

XII XIII XIV XV-a XV-b XV Total
Stage1 0.2 – 140.3 0.8 6.0 – 147
Stage2 13.7 22.3 70.3 2.1 2.1 1500.3 1611
Stage3 9.4 – 204.5 10.9 9.4 497.3 732
Total 23.3 22.3 415.1 13.8 17.5 1997.6 2490

Stage1 is thepreliminaryab-initiooptimizationof molecularmodels,stage2 is theactualstruc-
turegeneration,andstage3 is thesubsequentenergy optimizationwith moresophisticatedforce
fields. Variouscomputerswere used;the computingtimes arestandardizedfor one2.8 GHz
processor.
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Post-analysis

After thesubmissionsdiscussedabove, full detailsof theobservedstructuresbecameavailable.
The experimentalstructureswereenergy-minimizedto find the mostcloselycorrespondingstruc-
turesin our lists of predictedstructures.The rankingsandenergy differenceswith respectto the
global minima aregiven in Table2. It is seenthat all energy differencesarewell within the ex-
pectedaccuracies.For comparison,resultsof several otherapproachesarealsoshown. Firstly, the
useof fixedmultipolesratherthanindividual oneswould have givena significantdeteriorationfor
thesemi-flexible moleculeXIV. Secondly, thecorrectionto freeenergieswould not have beenvery
helpful, especiallysincethe occurrenceof imaginaryfrequencieswould have thrown doubtupon
thecorrectpredictionfor compoundXV. Finally, theresultsthatwouldhave beenobtainedfrom the
cheaperempirical force fields PW andLJ only arealsoshown. Hereit wasfound that the useof
ε � 2 hadnotbeena goodidea.As expected,theuseof multipolesgivesasignificantimprovement.
Consideringthecompletelistsof structures,theRMSdeviationsbetweenthePWor LJ energiesand
themoreexpensive methodsareabout1 kJ/molfor XII and3 kJ/molfor XIV andXV.

Table2. Resultsof thecrystalstructurepredictions.

Submitted FixedMP Freeenergy PW LJ
Method ∆E R ∆E R ∆E R ∆E R ∆E R

XII MP/AI 0.6 6 0.5 4 1.6 8 0.6 3
XIII PW 2.5 16 2.9 93 2.5 16 1.9 15
XIV MP/FF 0.0 1 4.1 9 2.2 2 4.6 8 4.1 6
XV MP/FF 1.4 3 0.4 2 0.3 2� 4.8 3 7.9 6

Energy differences∆E (kJ/mol) and rankingsR refer to the energy-minimizedexperimental
structurewith respectto theglobalenergy minimum.All calculationsweredonewith ε  1.
� Therewereimaginaryfrequenciesin thelatticevibrationcalculation.

The predictedstructureswere subjectedto appropriatesymmetrytransformationsin order to
comparethe calculatedandobserved structuresin detail. The resultsare given in Table 3. The
dihedralanglesin compoundsXIV areextraordinarilywell reproduced:φ � 85� 5� , ψ1 ��� 7 � 7� ,
ψ2 � 178� 4� (experimentally85.4� , -4.6� , 178.4� , respectively). Theorientationsof thetwo methyl
groupsarelessthan5� off. In compoundXV thepyrimidinemethylgrouphasbeenobservedin two
disorderedconformations,andthecalculatedorientationis halfwaybetweenthesetwo. Thephenyl
methylgroupis 11� off.

Table3. Dif ferencesbetweencalculatedandobservedstructuraldata.

Spacegroup ∆a ∆b ∆c ∆β ∆X ∆τ
XII Pbca 0.1 2.9 3.6 0.12 1.3
XIII P21 � c 1.7 5.0 0.8 -2.3 0.14 6.6
XIV P21 � c -1.6 0.7 0.6 0.7 0.07 1.9
XV P21 � n 0.8 -0.8 0.1 0.7 0.14/ 0.11 1.7/ 1.5

Entriesrepresentdiffferencesin cell axes(∆a, ∆b, ∆c, in %), in cell angles(∆β, in degrees),in
thecenter(s)of mass(∆X , in Å) andin theorientationof themolecule(s)(∆τ, in degrees).
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Rationale for predicting the structures: The structures were predicted using the MGAC 
method described in the supplementary material. For each molecule the GA runs produced 
several thousands structures which were automatically filtered (see ref. 1) to produce a short list 
of 100 (200 for mol-xv) structures. From these short lists we manually detected clearly unphysical 
structures and duplicated ones that were not eliminated in the previous step that were identified 
by comparison of their XRPD spectra calculated with Mercury. Finally, we used PLATON to seek 
for additional symmetries in the structures. From the manually annotated lists the first three 
predicted structures were selected using their energy as the only selection criteria. The results 
are summarized in the following Table: 
 

Original symmetry 
Relative Energy  

(kj/mol) New symmetry 
   
   
mol-xii   
P -1 0.000 P 21/c 
P n a 21 0.416 P c a 21 
P -1 0.533 P 21/c 
   
mol-xiii   
P -1 0.000 P 21/c 
P -1 0.509 P 21/c 
P -1 0.861 P -1 
   
mol-xiv   
P 1 21 1 0.000 P 21/c 
P 1 21 1 0.206 P 21/c 
P -1 1.751 P 21/c 
   
mol-xv   
P -1 0.000 P -1 
P -1 0.038 P -1 
P -1 0.405 P -1 
 
Modified Genetic Algorithm for crystal structure prediction (MGAC). A complete 

description of the method used here can be found in Ref. 1. The method uses Genetic Algorithms 
(GA) which are a family of search techniques rooted on the ideas of Darwinian evolution.2 
Operators analogue to crossover, mutation and natural selection are employed to perform a 
search able to explore and learn the multidimensional parameter space and to determine which 
regions of the space provide good solutions. When using GA for the prediction of crystal 
structures, these structures have to be encoded in a genome that can be manipulated by the 
genetic operators as well as used to calculate the energy of the crystal structure they represent. 
For organic crystals the molecular geometries are highly constrained by strong covalent bonds 
leading to a considerable reduction of the number of parameters that are allowed to change 



during the global search. Because the rotational barriers around single covalent bonds are 
comparable to the intermolecular interaction energies, their associated dihedral angles can be 
significantly affected by the intermolecular interactions leading to the crystal values that are quite 
different than those in the isolated molecule. Therefore, these dihedral angles must be included in 
the global optimization to allow the exploration of conformations which may become energetically 
favorable for the certain packing motifs. The MGAC program only considers the lattice angles 
( )γβα ,,  as independent parameters in the GA optimization. The lattice lengths ( )cba ,, , are 
treated as dependent parameters derived from the position of the molecules in the unit cell.  To 
reach the high sampling power required for these studies, we have used a global parallelization 
scheme of the genetic algorithm implemented in MGAC. In every generation, the parallelization 
scheme relies on the simultaneous run of the local optimization of the crystal structures belonging 
to the same population. The parallelization was done using our Adaptive Parallel Genetic 
Algorithm APGA.8  

All the crystal energy calculations and local optimization are performed using CHARMM 6, 7 with 
the GAFF 14 parameters.  At least two unit cells were included in the simulation box in every 
direction, short range non bonded interactions were summed up to a cutoff of 14 Å, and the 
electrostatic interactions were calculated using the Ewald technique. In this work we calculated 
the atomic charges, iq , using the restrained electrostatic potential approach implemented on the 

RESP program. 31 This program fits the atomic charges to reproduce the electrostatic potential 
generated by the molecule’s charge distribution, which was calculated using the Gaussian03 32 
package at HF/6-31G* level. All the crystal structures included in the GA population correspond to 
local minima of the energy.  

For this CSP blind test we performed restricted searches using 30 individuals in the population 
for up to 130 generations, for the 14 most common symmetry groups for organic molecules, P1, 
P-1, P21, C2, Pc, Cc, P21/c, C2/c, P212121, Pca21, Pna21, Pbcn, Pbca and Pnma. For each 
molecule we performed between 150 and 200 runs leading to at least 100 complete runs with 130 
generations. For each molecule the GA produced several thousands of structures from which 
automatically (see ref. 1) we selected a short list of 100 (200 for mol-xv) unique structures. For 
each molecule the GA runs produced several thousands structures which were automatically 
filtered (see ref. 1) to produce a short list of 100 (200 for mol-xv) structures. From these short lists 
we manually detected clearly unphysical structures and duplicated ones that were not eliminated 
in the previous step that were identified by comparison of their XRPD spectra calculated with 
Mercury. Finally, we used PLATON to seek for additional symmetries in the structures. From the 
manually annotated lists the first three predicted structures were selected using their energy as 
the only selection criteria.  
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D. W. M. Hofmann

Method
For crystal structure prediction we used the program FlexCryst, which was 

designed within a fully classical approach. The algorithms of FlexCryst were described in 
various publications [1,2]. As input to the program the correct conformation of the 
molecule is required and the conformation is kept rigid during the prediction. The 
algorithm works with an universal force field [3]. To reach a maximum speed of 
calculations, only short range interactions are taken into account and the long range 
Coulomb interactions are omitted. The loss of accuracy by this approximation is 
compensated by the free shape of potential curves for the short range potential. The 
parameters of the model are optimized by data mining on the Cambridge Structural 
Database (CSD). The potentials are developed for all types of atoms available in CSD. In 
general all atom types are identical to the atom number. Two additional atom types, 
hydrogen atom bonded to oxygen or to nitrogen atoms are incorporated for the special 
requirements of intermolecular hydrogen bonds.  

For all molecules under consideration we performed the same procedure. Firstly 
we looked for possible molecular conformations with help of Materials Studio 4.1. The 
obtained conformations have been minimized by a DFT calculation with DMol3. As 
basis set we used dnd and as functional pwc [4]. For the most stable molecular 
conformations we performed a crystal structure prediction with FlexCryst. 

In the first step of prediction the crystal structures were generated in the most 
common space groups, P-1, P21, C2, Cc, P21/m, P21/c, C2c, P212121, Pca21, Pna21, Pbcn, 
and Pbca. These 12 space groups cover 88.3% of all known crystal structures of CSD. A 
posterior analysis showed that all four crystal structures under consideration belong to 
one of these space groups. A preliminary screening have been performed already during 
generation: the crystal structures were required to have an accurate density estimated 
according to the increment system developed by us in [5]. The crystal structures with 
clashes were screened off.

 In a second step the crystal structures were minimized and sorted according to the 
energies. As minimization procedure in FlexCryst, the simplex method is implemented. 
This algorithm does not require tedious gradient calculations. 

Since for the increased power of computers and for the optimized prediction 
algorithm, a huge number of crystal structures (including repeated once) occur after the 
two first steps, the further screening of manifold structures is needed.  (It is necessary to 
mention that from the other hand, the appearance of manifold structures indicates the 
convergence of generation.) To get rid off manifold crystal structures in the last version 
of the program we implemented a clustering procedure.  The procedure requires defining 
a similarity index between the generated crystal structures. The index should be easily to 
evaluate, to avoid an undesired increase in calculation time. 

The most simple index proposed is the energy ji
energy
ij EEs −= , however one can 

find very often in a narrow band of energy hundreds of predicted crystal structures. Only 
if the energy of the two structures becomes identical, one of the structures can be 
removed. It requires that the minimization has to work with a very small tolerance for the 
convergence. 



Another algorithm is based on the superposition of the molecules and the 
calculation of the root mean square deviation for the surrounding atoms. This similarity 

index 
geometry
ijs  measures the geometrical arrangement in the direct space. 
In our approach we simulate the powder diagrams for the predicted crystal 

structures and calculate the similarity index   powder
ijs  between these powder diagrams.

 

Initially this similarity index, working in the reciprocal space, was introduced for 
structure determination from powder diagrams via crystal structure prediction [6]. The 
main features of the index can be visualised on the figure below.

Starting from two powder diagrams we can integrate them and obtain two steadily 
increasing curves. The similarity index amounts to the area between both curves, and the 
index becomes zero for identical diagrams. The curves are normalized by the 
normalisation factor N,
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thence the curves converge  for the maximum value to one. Furthermore the similarity 
index is divided by range of the simulated angle minmax ϑϑ − . This ensures that the 
similarity index has a maximum value of one. 
 To get rid of undesired manifold structures, all generated structures with a 
similarity index below a certain threshold are screened off. The threshold is determined 
as the minimum value between two different crystal structures for a given molecule (i.e. 
crystal structures in different space groups have been compared). In this way the 
possibility of obtaining the identical structures in different space groups, especially if the 
molecule by itself contains symmetry elements like in the case for molecule XII and XIII 
has to be taken into account. 

In the summarization we give the results of comparison for the successful 
submissions of participants obtained with this similarity index. The described similarity 
index between crystal structures is easy to estimate and it takes very few computational 
time. For the extended list with several hundred submitted crystal structures the 
calculation is around 5 sec.

Results
To the blind test we have submitted the extended list of results for the molecules 

XII-XIV obtained by the described above procedure. The molecule XV has been omitted 
in assuming that we would not get an accurate starting conformation, even if there are no 
general limitations by the FlexCryst to calculate cocrystals. 

The posterior analysis has shown us that in this blind test the correct structures 
have not been predicted. To get a helpful hint on the rezones of the failure we performed 
the detailed checking of submitted results.

The checking of molecular conformations has shown that the of calculated and 
experimental geometries for molecules XII and XIII nearly coincide with rmsd of 0.012 
A2 and 0.009 A2. Molecule XIV shows a bigger deviation (0.041 A2). The skeleton of 
molecule is rigid and therefore is reproduced exactly, but the torsion angle C-N-C-S of 
the side group is remarkable tilted by nearly 10 degree which is not much, but in 
principle could be the rezone of failure.

Really, the recalculation of molecule XIV with the correct conformation ends up 
with a correct prediction on rank 2. The similarity index powders exp;2  between the experiment 
and the predicted crystal structures is 0.005 and the inertia superposition shows a value of 
0.961.

 The further detailed checking of the structures from the extended lists for 
molecules XII and XIII gives us an interesting hint on the rezones of failure for these two 
cases.  The estimated energy of the experimental crystal structure XII is -33.73 KJ/Mole. 
In the same time, the highest rank of predicted crystal structures has the energy of -34.22 
KJ/Mole. A similar situation has been found for molecule XIII. The highest ranked 
crystal structure in the extended list has a value of -55.62 KJ/Mole, which is still below of 
the energy of -53.08 for the experimental crystal structure. 

As the most similar to the experimental structure in case of molecule XII we 
found the rank 369 (similarity = 0.039) from submitted list. A detailed view (see 
supplementary material) shows that in the predicted structure the molecules are stacked 
and in the experimental structure molecular planes are perpendicular to each other. We 
assume a significant interaction of the p-system with the partially acid hydrogen atom of 



the molecule, which can not be reproduced by an universal force field. This rezone might 
explain the failure of other force fields in this blind test as well and the success of the 
“individual” force field introduced by NLK. 

Even the posterior recalculations for molecule XII, restricting to the “right” space 
group Pbca, gives the experimental structure only in rank 245. The similarity index powders exp;245

obtains value of 0.006 and the inertia superposition gives nearly a value of one (0.961). In 
submitted list of predicted crystal structures with full set of space groups this crystal 
structure was screened off for energetic reasons. It means that our universal force field is 
too simple to predict correctly packing of molecules XII and XIII where H-π interactions 
play an important role. The most simple improvement of an universal force field will be 
the introduction of further atom types, like Csp2 and Csp3 . We assume that the introduction 
of these two atom types will improve the results for molecule XIII likewise.

In conclusion we would like to note that the overall calculation time for the 
crystal structure prediction was very short. For the smallest molecule XII we spent 2 days 
of computational time on an ordinary PC (Pentium 4, 3 GHz). The slightly bigger 
molecules required twice as much time and did show convergence after 4 days.
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GA-CG-MTA CSP algorithm and discussion 
 

Jovan Jose K.V.  
University of Pune, Ganeshkhind, Pune, 411007. 

 
The present article discusses the Genetic algorithm based Cardinality guided 

molecular tailoring ab initio approach for crystal structure prediction (GA-CG-MTA-

CSP). Two key assumptions in the algorithm are: first that the asymmetric unit consists 

of a single molecule and second that the algorithm will carry out a constrained search 

over 13 space groups (viz. P1, 1P , P21, C2, Pc, Cc, P21/c, P212121, Pca21, Pna21, Pbcn, 

Pbca, Pnma) prevalent out of the 230 ones as discussed by Dunitz et al.1, 2  

The input for the GA-CG-MTA-CSP algorithm is the Cartesian co-ordinates of 

the asymmetric unit. The initial geometry of the asymmetric unit is obtained from the ab 

initio energy conformation search. All ab initio calculations in the current work are 

carried out at HF/STO-3G level of theory.3 During genetic algorithm cycles only dihedral 

angles are allowed to change and the rest of the geometrical parameters are kept constant. 

The dimensionality of the search space is defined through a set of chromosomes and the 

constrained search is carried out over 13 space groups. Center of mass of the asymmetric 

unit is placed in the positive quadrant by generating random numbers. The genome of 

each individual is encoded through: Rx, Ry, Rz, Ax or Ay, Az, D1, D2…Dn, where, Rx, Ry, Rz 

are the orthogonal components of the position vector w.r.t. center of mass of the 

asymmetric unit. Ai are the respective angles between the R vector and x, y, z directions 

and Di are the flexible dihedral angles of the asymmetric unit. The respective space group 

matrix operations applied on the asymmetric unit to obtain the unit cell equivalent 

positions. The initial unit cell translation vectors were obtained by clustering the unit 

cells in respective directions and minimizing the interaction energy within the 
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electrostatic potential for intermolecular complexation (EPIC) frameworks.4 The EPIC 

interaction energy is defined as  
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            …..….…………..(1)
 

Here, the summation is over all the atoms of the species A and B. V is the 

molecular electrostatic potential5 (MESP) and q, the MESP driven charges. The factor 

half is incorporated in the equation to nullify the double counting. The nearest local 

minimum is located through STEPIT function minimization algorithm. The EPIC 

interaction energy is minimized using STEPIT algorithm6 by varying the dependant 

parameters one at a time. The cost function, viz. ab initio energy for the generated 

crystals were evaluated using the Cardinality guided molecular tailoring approach (CG-

MTA).7 The method involves arranging 27-unit cells in three dimension for each N-

individuals of a generation. The cluster is sliced with sufficient overlap at the fragment 

inter junction to evaluate the energies. The fragment energies are tailored based on the 

cardinality equation (2), which leads to the total cluster energy. Here, 27-unit cells cluster 

is sliced into fi, fj…fk main fragments, fi ∩ fj the i-jth overlapping fragment etc. The general 

Cardinality guided expression for total cluster energy is  

                     ∑ ∑∑ ∩∩∩−∩
−++−= kfjfifkjfififA EEEE ...1)1(...   .…………… (2) 

Different possible dimer motifs were generated for the XV test case by 

minimizing the EPIC interaction energy (as in equation 1). Dimer motifs thus obtained 

were optimized at HF/STO-3G level of theory. The resulting 3 best motifs were used as 

asymmetric guesses and the same procedure is followed as for the single molecule as 

mentioned above. The multidimensional search is done with genetic algorithm 
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parameters: population size of 50, for 7 generations and 20 new offsprings replacing the 

energetically less favored parents after each generation. The best candidates (total crystal) 

from 13 space groups are selected and a bisection optimization is done w.r.t. each of the 

unit cell parameters by minimizing CG-MTA energy. Finally energy per molecule for 

respective space groups is calculated and the best crystal is chosen. 

The GA-CG-MTA CSP program is coded in FORTRAN-90 and compiled using 

Intel FORTRAN compiler (IFC) on a GNU Linux operating system. The ab initio 

fragment energies were calculated using Gaussian03 package1 on two 2.8 GHz dual core 

machines, with 1 GB RAM. The calculations took approximately 2 to 5 minutes for each 

total energy evaluation depending on the size of the fragment and the system. Tables 1, 2 

and 3 give in a nutshell the unit cell parameters of the energetically most favorable 

crystal structures predicted for XII, XIII and XIV test molecules.  
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Table 1. Test case XII 
 

Space 
group Z’ Energy (E) 

(a. u.) E/ (Z’ * 27) a 
α 

b 
β 

c 
γ Volume 

Pbcn 8 -40673.67007 -188.30403 10.42 12.90 14.04 1886.4 

    90 90 90  

P1 1 -5084.20558 -188.30391 6.60 8.20 4.67 252.5 

    137.66 105.29 90.00  

Pna21 4 -20336.81330 -188.30383 9.97 8.89 10.39 920.9 

    90 90 90  

P212121 4 -20336.80116 -188.30371 10.59 9.08 17.40 1672.5 

    90 90 90  

Pbca 8 -40673.52732 -188.30366 16.11 14.44 14.40 3349.6 

    90 90 90  

P21/c 4 -20336.79389 -188.30365 7.80 9.67 17.33 1307.6 

    90 90.0002 90  

Cc 4 -20336.78901 -188.30361 14.00 8.40 26.14 3073.6 

    90 90.0112 90  

Pca21 4 -20336.78616 -188.30358 20.00 9.40 14.00 2632.0 

    90 90 90  

P21 2 -10168.38641 -188.30345 7.60 13.80 8.59 773.8 

    90 120.83 90  

1P  2 -10168.37378 -188.30322 6.60 7.47 9.35 460.9 

    72.21 90.00 111.89  

Pnma 8 -40673.22499 -188.30197 13.81 12.82 13.44 2379.7 

    90 90 90  

C2  -20336.59647 -188.30182 8.70 5.20 16.10 728.4 

    90 90.03 90  

Pc 2 -10168.27365 -188.30136 7.10 8.70 15.60 915.3 

    90 108.16 90  
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Table 2. Test case XIII 
 

Space 
group Z’ Energy (E) 

(a. u.) E/ (Z’ * 27) a 
α 

b 
β 

c 
γ Volume 

P21 2 -316846.91498 -5867.53546 8.20 20.00 6.52 841.6 

    90 128.1083 90  

Pc 2 -316846.89711 -5867.53513 12.40 6.10 15.99 1210.2 

    90 90.00 90  

Pbca 8 -1267387.57189 -5867.53506 15.52 10.54 16.20 2648.62 

    90 90 90  

Pca21 4 -633693.77597 -5867.53496 10.59 11.00 16.29 1897.4 

    90 90 90  

Cc 4 -633693.76567 -5867.53487 11.00 8.70 29.99 2870.7 

    90 90.36 90  

Pna21 4 -633693.76334 -5867.53485 13.40 11.60 12.20 1895.6 

    90 90 90  

1P  2 -316846.8727 -5867.53468 8.20 8.50 7.20 502.0 

    125.41 100.04 90.00  

P1 1 -158423.42648 -5867.53431 6.50 5.40 6.01 210.8 

    130.42 101.99 90.00  

P212121 4 -633693.69550 -5867.53422 12.47 8.80 15.80 1733.7 

    90 90 90  

P21/c 4 -633693.55695 -5867.53294 11.50 15.21 13.99 2448.3 

    90 90.04 90  

Pbcn 8 -1267385.47190 -5867.52533 13.20 13.59 15.78 2832.7 

    90 90 90  

C2 4 -633691.91519 -5867.51773 11.80 5.9000 14.99 1044.3 

    90 90.00 90  

Pnma 8 -1267379.91110 -5867.49959 13.55 10.61 17.42 2503.3 

    90 90 90  

P21/c 4 -633553.82950 -5866.23916 2.90 13.07 14.00 530.7 

    90 90.00 90  
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Table 3. Test case XIV 

 
Space 
group Z’ Energy (E) 

(a. u.) E/ (Z’ * 27) a 
α 

b 
β 

c 
γ Volume 

Pc 2 -90009.85054 -1666.84908 11.60 8.000 19.171 1704.6 

    90 78.20 90  

P21 2 -90009.82964 -1666.84870 11.60 20.00 8.45 1676.9 

    90 121.19 90  

P1 1 -45004.81733 -1666.84509 8.10 5.37 8.45 367.3 

    121.19 90.00 133.63  

1P  2 -90009.69188 -1666.84615 8.60 7.77 13.51 903.5 

    127.14 100.69 104.34  

P21/c 4 -180016.30268 -1666.81762 10.70 20.00 14.00 2996.0 

    90 90.00 90  

Pna21 4 -180011.01178 -1666.76863 17.50 14.00 16.00 3919.99 

    90 90 90  

Pca21 4 -180009.98529 -1666.75912 15.53 7.30 15.70 1780.0 

    90 90 90  

P212121 4 -180006.64017 -1666.72815 13.82 14.37 19.40 3852.2 

    90 90 90  

Pbca 8 -360013.13415 -1666.72747 13.78 14.00 19.60 3780.4 

    90 90 90  

P21/c 4 -180004.8000 -1666.71111 7.00 20.00 13.65 1910.1 

    90 90.80 90  

Cc 4 -179994.92456 -1666.61967 18.50 11.10 29.99 6160.5 

    90 90.02 90  

C2 4 -179781.89944 -1664.64722 6.70 6.70 17.16 770.1 

    90 90 90  

Pbcn 8 - - - - - - 

Pnma 8 - - - - - - 

 
 
 
 
 
 
 
 
 
 



M. Neumann, F. J. J. Leusen, J. Kendrick 

The central part of our approach is a highly accurate hybrid method for the calculation of 
lattice energies [1] that combines density functional theory (DFT) calculations by means 
of the VASP program [2 - 4] with an empirical van der Waals (vdW) correction 
expressed in terms of a sum over isotropic atom-atom pair potentials. Each pair potential 
is the product of a damping function and an asymptotic C6/r

6 term. The atomic C6 
coefficients have been derived from molecular C6 coefficients [1, 5], while the 
parameters of the damping function have been fitted to reproduce the unit cells of low 
temperature crystal structures. At present, empirical parameters are available for the 
elements H, B, C, N, O, F, Cl, Br and S. 
 
DFT calculations are fairly time consuming and cannot be used directly for crystal 
structure generation. Instead, the hybrid method is used for the generation of reference 
data from which a tailor-made force field is derived for every molecule under 
consideration [6]. The mathematical structure of the tailor-made force field involves 
atomic point charges calculated from bond increments, isotropic vdW potentials and 
covalent bond stretch, angle bend, torsion and inversion terms. If required, scale factors 
can be introduced for individual intramolecular Coulomb or vdW interactions. Symmetry 
unrelated atoms are attributed different force field atom types to allow for maximum 
customisability. The reference data include the electrostatic potential around the 
molecule, as well as energies and forces at and around local energy minima of densely 
packed crystal structures and isolated molecules in large simulation boxes. All force field 
parameters can be fitted to the reference data simultaneously, resulting in a high degree 
of compatibility of the various energy terms. In particular, bond increments and vdW 
parameters are fitted jointly to a reference data set that includes the electrostatic potential 
and the lattice energies of various crystal packing alternatives. 
 
The tailor-made force field provides lattice energies and forces to a new structure 
generation engine which is still under development. The version used for the blind test 
essentially combines a random structure generation mechanism with a highly efficient 
lattice energy minimiser. For flexible molecules, the different conformations are probed 
automatically by the structure generation algorithm and structures are generated in all 230 
space groups. The structure generation is stopped when all structures in a user-defined 
energy window above the most stable polymorph have been found several times. 
Typically, the best 50 structures are all found at least twice.  
 
The most stable structures generated with the tailor-made force field are optimised and 
ranked again with the hybrid method, proceeding in order of decreasing stability 
according to the tailor-made force field. To speed up the structure optimisation with the 
hybrid method, a numerical Hessian matrix is calculated with the tailor-made force field 
and a quasi-Newton algorithm is used for structure optimisation. 
 
By comparing the lattice energies of fully optimised structures obtained with the tailor-
made force field with those from the hybrid method, it is possible to work out the offset 
of the two energy scales and the root mean square deviation (σ) of the energy shift upon 



optimisation with the hybrid method [1]. The energy offset and σ are used to assess the 
probability that the most stable structure, according to the hybrid method, has actually 
already been optimised with the hybrid method. Typically, the optimisation of crystal 
structures with the hybrid method is continued until the probability of having reached the 
most stable structure is at least 99%. 
 
All calculations described above were carried out with the program GRACE (Generation, 
Ranking And Characterization Engine). GRACE includes a driver for the calculation of 
DFT energies and forces by means of the independent program VASP. 
 
The CPU time requirements of our approach are dominated by both the generation of 
reference data and the final energy ranking with the hybrid method. Structure generation 
is only a small part of the overall computational cost. The vast majority of calculations 
were performed on a 48 node Beowulf cluster at the University of Bradford.  Each node 
of this cluster comprises dual 2.8 GHz Intel® Xeon™ processors and each node has 2 
GB of memory.  All nodes are able to communicate via Gigabit Ethernet.  In addition, 12 
nodes are able to use a faster, Myrinet®, communication channel. The combined CPU 
time of all calculations carried out for compounds XII to XV corresponds to about 4 
months on the hardware described above at full load, or approximately 280,000 CPU 
hours.  Please see Table 1 for some statistics of the calculations. 
 
Table 1:  The number of crystal structures optimised by the hybrid method, the root mean square 
energy deviation (σσσσ) between the tailor-made force field and the hybrid method for each of the four 
compounds and the number of structures found in the 2σσσσ energy window. 
 
Compound XII XIII XIV XV 
No. of structures optimised 100 50 32 96 
σ (kcal/mol/atom) 0.025 0.053 0.024 0.032 
No. of structures within 2σ of 
the minimum 

2 14 8 >96 

 
For molecules XII, XIII and XIV, the method has reached a high degree of internal 
consistency, with the number of structures optimised by the hybrid method being much 
greater than required, given the expected margin of error in the tailor-made force field. 
For compound XV, the situation is quite different because of the relatively high number 
of different crystal structures found in a small energy window, resulting from the 
presence of two molecules in the asymmetric unit. Out of 197 structures generated with 
the tailor-made force field in the user defined energy window, 85 were initially optimised 
with the hybrid method, but the probability of having reached the most stable structure 
with the hybrid method is only 29%. To reach a confidence level of about 90% would 
require the generation and ranking of the best 2000 structures. The actual degree of 
confidence for compound XV may be somewhat higher than the value of 29% indicated 
above. The first 80 structures optimised with the hybrid method were fed back into the 
force field parameter refinement and a second tailor-made force field was derived. This 
second tailor-made force field was used for the generation of a second set of structures 
and for the re-ranking of the structures obtained in the first structure generation. 



Subsequently, 11 additional structures with low lattice energies according to the new 
force field were optimised with the hybrid method. 
 
For all four compounds the crystal structure with the lowest lattice energy was found to 
be the experimental structure.  Table 2 shows a comparison of the lowest lattice energy 
(rank 1) predictions with experimental crystal structures.  The predicted space group, 
density and the root mean square displacement of the non-hydrogen atomic positions 
confirm that, in all cases, the method has predicted the experimental structure as the 
lowest energy structure. 
 
Table 2:  Comparison of the lowest lattice energy prediction with the experimental space group, 
density and root mean square displacement (RMSD) of the non-hydrogen atomic positions [7]. 
 

Compound Space Group Density (g cm-3) RMSD (Å) 

 Exp. Pred. Exp. Pred.  
XII Pbca Pbca 1.152 1.129 0.127 
XIII P21/c P21/c 2.528 2.548 0.082 
XIV P21/c P21/c 1.479 1.450 0.130 
XV P21/n P21/c 1.301 1.307 0.075 

  
The results demonstrate that the accurate calculation of the lattice energy is an essential 
component of successful crystal structure prediction.  Other considerations such as 
density, attachment energies, kinetics, zero point energy and entropy are less important 
than previously assumed.   The bottleneck in our approach is that the hybrid DFT method 
is computationally demanding and can be used to optimise a limited number of crystal 
structures only.  Hence, a highly accurate force field is required to suggest a small 
number of likely crystal structures.  It is clear that further improvements in the force field 
descriptions of molecules in the solid state are still required.  Other challenges still 
remain, including; the understanding of the phase behaviour in polymorphic systems, the 
treatment of highly flexible molecules, and the treatment of crystals with more than one 
molecule per asymmetric unit, such as solvates, salts and co-crystals, where the increased 
number of degrees of freedom typically leads to a large number of potential structures 
that need to be considered. 
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S.L. Price, P.G. Karamertzanis, A.J. Misquitta, G.W.A. Welch, 
Methodology and post-analysis 
 
The general approach (Price, 2004, Price, 2008, Price & Price, 2005)  is to evaluate 
the intermolecular lattice energy, Uinter , from model anisotropic atom-atom 
intermolecular potentials and the conformational energy penalty , ∆Eintra  from ab 
initio calculations, and compare the total lattice energy Elatt=Uinter+∆Eintra. We used ab 
initio calculations on the isolated molecule (plus dimers for XIII) for the molecular 
structure, intramolecular energy and to develop the intermolecular potential. Most ab 
initio calculations were performed using GAUSSIAN and the lattice energy 
minimisation by DMAREL(Willock et al., 1995). A range of supplementary 
properties were calculated for the unique crystal structures, including estimates of free 
energies, as described for the CPOSS database of computed crystal structures 
(www.cposs.org.uk). The method used for predicting the structures differed according 
to the molecular type and preliminary results.  The choice of the three submissions 
was made by considering the structures and properties of the lowest half-dozen 
structures in terms of Elatt, but not submitting two structures which could be overlaid 
by COMPACK. 
 
XII MOLPAK(Holden et al., 1993) searches used the MP2/6-31G(d,p) optimised 
structure in the trans and cis (∆Eintra = 6.1 kJ/mol) conformation as rigid, and 
optimised the lattice energy calculated from the distributed multipoles (DMA)of the 
MP2/6-31G(d,p) charge density and the FIT potential(Coombes et al., 1996) (Table 
1). The structures were also reoptimised using Williams’ more recent 
potential(Williams, 2001) with non-nuclear hydrogen sites. The number of low energy 
structures was so large that the errors in splitting the inter- and intra- molecular 
components were likely to be significant relative to the energy gap. Hence, we have 
low confidence in the predictions. The three submissions were made by choosing 
from the five lowest energy structures with FIT, knowing that the ranking of these 
structures was the same in lattice and free energy. We didn’t select the known 
structure (which was 2nd in energy for FIT potential and 3rd for Williams) 
demonstrating the fallibility of humans in CSP. 
 
XIII  The search for possible crystal structures used CrystalPredictor (Karamertzanis 
& Pantelides, 2005) and the MP2/6-31G(d,p) optimised molecular structure held rigid 
(∆Eintra = 0). The unique structures were then reminimised using a specific model 
potential derived from the ab initio wavefunction(Stone & Misquitta, 2007) using the 
CamCASP code(Misquitta & Stone, 2007). Specifically(Misquitta et al., 2008), an 
anisotropic atom-atom repulsion potential was fitted to SAPT(DFT) short range 
energies at 1400 dimer geometries, the electrostatic model used distributed multipoles 
derived by GDMA2.2 from the PBE0/Sadlej wavefunction, and the C6 atom-atom 
dispersion was derived from distributed polarisabilities obtained using the Williams-
Stone-Misquitta procedure(Misquitta & Stone, 2008). The three submitted structures 
were the two lowest in lattice energy, plus a high symmetry I-42d Z’=0.5 structure, 
which was only 2.2 kJ/mol above the global minimum. The global minimum in lattice 
energy (and probably free energy) proved to be the correct structure. 
 
XIV Following a scan of the conformational energy for θ1=C3N1C8N2 (ω) and θ2= 
N1C8N2C10(τ1) at HF/6-31G(d,p) level, we chose 10 rigid conformations, (the HF/6-



31G(d,p) minimum, and -θ1,-θ2 = 85,180; 95,165; 95,185; 105,165; 105,185; 115,165; 
115,185; 125;170). These were used in a MOLPAK search and DMAREL lattice 
energy minimised using the DMA of the MP2/6-31G(d,p) wavefunction, and an 
empirical exp-6 potential based in FIT with an estimate for the S potential derived for 
the 1999 blindtest (Table 1). The lowest 10 energy unique crystal structures were then 
refined by DMAflex (Karamertzanis & Price, 2006), by a simplex minimisation of the 
HF/6-31G(d,p) conformational energy penalty with the same intermolecular potential. 
The conformational energy penalty was then recalculated at the MP2/6-31G(d,p) 
level, with ∆Eintra being defined relative to MP2 energy of the structure that was 
optimised at the HF/6-31G(d,p) level. The differences in the relative conformational 
energy between HF and MP2 calculations was a cause for concern, and reflects the 
problems of accurately estimating conformational energies of such molecules ab 
initio(van Mourik et al., 2006). The three lowest energy (both Elatt and estimated free 
energy) really distinct structures were submitted. The global minimum, by over 4 
kJ/mol in Elatt, corresponded to the experimental structure. 
 
XV  Four doubly hydrogen bonded acid-base dimers (using the two acid 
conformations), were used as input to MOLPAK, and the relative positions of the 
rigid molecules relaxed during the DMAREL refinement. This used the distributed 
multipoles of the MP2/6-31G(d,p) wavefunction of the MP2/6-31G(d,p) optimised 
molecular structures and the FIT potential (Table 1) for Uinter. The three lowest energy 
distinct structures were submitted, with low confidence because this had only been a 
preliminary search. 
 
Our main search used CrystalPredictor(Karamertzanis & Pantelides, 2007)  to 
generate initial crystal structures, allowing flexibility in the torsion angles defining the 
amine pyrimidalisation and methyl rotation in the base, and  the carboxylic, hydroxyl 
and methyl rotations in the acid, as modelled by the HF/6-31G(d,p) conformational 
energy surface and conformation dependent atomic charges. Unfortunately, time did 
not enable sufficient of these to be satisfactorily reminimised with DMAflex to 
produce a submission. The experimental structure came 26th in energy in the Crystal 
Predictor search.  Figure 1a shows the results of  re-minimising the 100 lowest energy 
Crystal Predictor structures with DMAflex-Quick(Karamertzanis et al., 2008), using 
the interpolated HF/6-31G(d,p) conformational energy surface and approximating the 
distributed multipoles in the course of lattice minimisation by analytically rotating the 
multipoles computed from the isolated-molecule, MP2/6-31G(d,p) charge density of 
the HF/6-31G(d,p) gas phase conformation. The lowest 10 minima were then 
accurately refined by DMAflex, as shown in Figure 1b, by calculating the MP2/6-
31G(d,p) distributed multipoles and performing a constrained HF/63-1G(d,p) 
optimisation for each conformation in each simplex iteration to minimise Elatt. The 
relative energy and structural changes in this procedure were primarily due to the 
more accurate modelling of the changes in the charge distribution with conformation 
(i.e. the error in not quantum mechanically calculating the multipoles for each 
conformation). As indicated, the known structure was found as the global minimum, 
and the energy gap is sufficient that it is probable that this approach would have led to 
a successful submission had we had the time to apply DMAflex-Quick and DMAflex 
successfully to the larger group of Crystal Predictor structures prior to the deadline.  
 
Overall, the use of ab initio based distributed multipole models, and adapting the 
methodology to the functional groups and flexibility of the molecule in question to 



obtain the most accurate relative energies possible, has allowed gratifying success in 
both this and other internal blind tests of crystal structure prediction. 
Table 1 Potential parameters used for molecules XII, XIV, XV in an atom-atom 
model intermolecular potential of form: 

62/12/1 )()2/)(exp()( −−+−= ikikik RCCRBBAAU κκιικκιικκιι , where the atomic types ι 
and κ can depend on the bonded atom. 
 Aιι / ( kJ mol-1)  Bιι / (Å−1)  Cιι /( kJ mol-1 Å6)  
C  C 123404 3.6 1008.01 
H(-C) H(-C) 13084 3.56 276.01 
H(-O/N)  H(-O/N) 5030 4.66 21.5 
N N 254529 3.78 1378.4 
O O 230064 3.96 1123.6 
S S 401034 3.30 5791 
 
 
Figure 1 Post analysis results for XV from Crystal Predictor/ DMAflex-Quick/ 
DMAflex strategy. (a) Lattice energies following re-minimisation of the 100 most 
stable Crystal Predictor structures by DMAflex-Quick, denoted by nearest 
conformational minimum of acid. (b) Changes in the lattice energy and density of the 
10 lowest energy structures (open symbols) from DMAflex refinement to more 
accurate energies (closed symbols).  
The point that corresponds to the minimum obtained from the experimental structure 
optimised by the same computational model is indicated. 

(a)  

 



(b) 

 
 
Indicative Computer Timings. Each MOLPAK search could run overnight on the 
UCL Condor cluster of (100+) PCs, and a similar period was required for the 
minimisation of around 1000 structures with DMAREL on a dedicated modern 
processor. The calculation of properties or minimisations of saddle points to lower of 
symmetrytakes considerably longer. The Crystal Predictor were performed in parallel 
and required the equivalent of a few days for XIII, and two weeks on a single modern 
CPU for XV. The DMAflex refinements for XIV and XV took several days per 
structure.  The overhead in calculating the potential models is considerable: whilst the 
straightforward calculation of the wavefunction and GDMA analysis to obtain the 
distributed multipoles only requires a few hours, the development of the model 
potential for XIII took around 4000 CPU hours  and requires significant memory (7 
GB). The intramolecular conformational surface for the co-crystal also took the 
equivalent of two CPU weeks . 
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Scheraga H.A., Arnautova Y.A (CRYSTALG)

Molecular geometries and partial charges

Molecular geometries were obtained from DFT calculations (DFT B3LYP/6-31G**) using 

the GAUSSIAN program [1].

In the case of the flexible molecule XIV, the following approach was used to obtain 

the molecular geometry. There are four torsional angles in this molecule relevant in the 

defining the molecular geometry. Two of them correspond to the rotations of two methyl 

groups. The third angle defines the orientation of the dimethylamino group relative to the 

rest  of  the  molecule  and  the  fourth  angle  is  the  twist  angle  between  the 

dimethylthioamide group and double-conjugated ring unit. Only changes in the last two 

angles can lead to significant changes in the molecular conformation. Rotational barriers 

for these two angles are quite high; however,  the energy increase resulting from the 

small (±20o) deviations from the minimum energy value of the fourth angle is relatively 

small  and may be compensated by lowering  the lattice energy of  the corresponding 

crystal  structure.  Taking  these  considerations  into  account,  first,  we  obtained  the 

geometry of the lowest energy conformation of molecule XIV. Next, geometries of the 

conformations with the SCNC torsional angle within ±15o (with 5o steps) from the value 

corresponding  to  the  energy  minimum  were  generated.  The  resulting  seven 

conformations  were  used for  crystal  structure prediction  of  molecule  XIV.  The same 

pyramidality of the dimethylamino group as in the lowest-energy conformation was used 

in other conformers.

The atomic charges were obtained by fitting to the molecular electrostatic potential 

calculated ab initio (HF 6-31G*). The resp method [2a], implemented in the AMBER 6.0 

program [2b], was used for fitting charges. The partial atomic charges for molecule XIV 

and the molecules analogous to it were obtained by fitting to the electrostatic potential of 

the most stable conformations.

Potential energy

The lattice energy is assumed to be a sum of pairwise interatomic interactions, and 

includes electrostatic and nonbonded terms. The nonbonded contribution was computed 

with the Buckingham ‘6-exp’ potentials, whereas the electrostatic energy was calculated 

using the Coulomb formula and the Ewald summation method [3]. 



The ECEPP-05 force field [4] was used for crystal structure prediction of targets XIII 

and XIV.  Potential  parameters for  halogens,  missing in  the original  ECEPP-05 force 

field, were derived using the VMC (Vector Monte Carlo) method [5] and the experimental 

structures of the related molecules available from the Cambridge Structural Database 

[6].  We chose  the  W99  force  field  [7]  for  crystal  structure  prediction  of  target  XII. 

Potential  parameters  for  the  hydrogen  and  oxygen  in  the  aldehyde  group  were 

additionally refined using experimental data for the related molecules.

In the case of the flexible target (molecule XIV), the total relative energy of a given 

crystal  structure  was  considered  as  a  sum  of  the  empirical  intermolecular  (lattice) 

contribution  and  the  intramolecular  contribution  taken  as  the  relative  conformational 

energy of each of the nine conformations. The latter energy was evaluated using both 

DFT (B3LYP/6-31G**) and single-point ab initio (MP2/6-31G** with the DFT-optimized 

geometry) calculations. 

Crystal structure search (Program: CRYSTALG [8])

The CRYSTALG program predicts crystal structures by global optimization of lattice 

energy without assuming any symmetry information [all searches are carried out in the 

space  group  P1  with  a  different  number  of  molecules  in  the  unit  cell  (Z)].  Z is  a 

parameter, i.e. several runs for different values of Z are carried out, and the value of Z 

that leads to the lowest energy per molecule is selected. In the  current version of the 

program,  we  use  a  global  optimization  method,  Conformation-Family  Monte  Carlo 

(CFMC) [8,9]. Both rigid and flexible molecular models can be treated using CRYSTALG 

[8].

In  the  case  of  molecules  XII  and  XIII,  the  internal  geometries  were  kept  fixed 

throughout the calculations, with bond lengths, bond angles and torsional angles taken 

from the global minimum DFT optimized molecular geometry.

To account  for  the possible conformational  changes in molecule XIV caused by 

crystal  forces, separate global searches were carried out for each of the seven rigid 

conformers generated earlier. 

The global search was carried out for Z = 2, 4, 8 for targets XII-XIV. In the case of a 

chiral molecule, two types of runs were carried: one with the L (or R) enantiomer and the 

other  one  with  the  racemic  mixture.  We  carried  out  separate  runs  for  different 

conformers of molecule XIV. The energies of all structures generated during the search 



were  minimized  with  the  Secant  Unconstrained  Minimization  Solver  (SUMSL)  [10] 

minimizing procedure. 
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Institute for Inorganic and Analytical Chemistry, Frankfurt University, Max-von-Laue-
Str. 7, Frankfurt am Main D-60438, Germany.

Our program CRYSCA (Schmidt & Kalkhof, 1997) was used as-is for the generation of 
random crystal structures and for the energy minimisations.

The attractive and repulsive Van der Waals terms were taken from the 
DREIDING/X6 force field (Mayo et al., 1990), i.e. the Van der Waals energy is de-
scribed in the exponential-6 form; the separate 1/r9 hydrogen-bonding terms were not in-
cluded. The Van der Waals energy was calculated with a 20 Å cut off. The electrostatic 
interactions were modelled with simple atomic point charges, which were determined by 
fitting their resulting ElectroStatic Potential (ESP) to the ESP calculated from the 
SCF/HF wave function with the 6-31G** basis set using Gaussian03 (Frisch et al., 
2003). The sampling points were chosen as described by Breneman & Wiberg (Breneman 
& Wiberg, 1990). The ESP charges were constrained to reproduce the quantum-mechan-
ical dipole to better reproduce the long-range part of the ESP (Momany, 1978). The elec-
trostatic energy was evaluated for a cluster of 5 × 5 × 5 unit cells around a central unit 
cell; by only including entire unit cells, it is guaranteed that the charges add up to zero.

For molecules XII through XIV, the starting geometries were obtained from an 
energy minimisation at the HF/6-31G** level.

During the crystal structure prediction process, selected torsion angles are treated 
as flexible throughout, i.e. during crystal structure generation and during energy minim-
isation; the remaining degrees of freedom of the molecule (bond lengths, valence angles 
and all other torsion angles) are kept rigid throughout. For the potentials of the flexible 
torsion angles, cosine series (six terms) were used that were fitted against the energies of 
a relaxed Potential Energy Surface scan in Gaussian03.

For molecule XV, the co-crystal, CSD searches showed that the hydrogen-bonded 
dimer is always formed and the dimer was therefore fixed and treated as a single mo-
lecule. The starting geometry was taken from the known crystal structure of a close ana-
logue (Balasubramani et al., 2006) (CSD reference code ADETOT); this structure was 
selected because it showed good molecular geometries, good hydrogen bonding distances 
and good anisotropic displacement parameters. In the hydrogen-bonded dimer, the methyl 
group on the pyrimidine molecule can be attached in either of two positions (Figure 1).

Figure 1. 



We calculated atomic point charges for both configurations and averaged the two sets to 
obtain a single consistent set that was used for both configurations; this way, it should be 
possible to compare the energies of the two configurations. Visual inspection of several 
hydrogen-bonded dimers in the crystal structures of close analogues (e.g. LEWPUY, 
OFUHUS, SUVJEY) showed that the two molecules are not always exactly coplanar, 
with dihedral angles of up to 22°. In order to allow the dimer this flexibility during the 
energy minimisations, two artificial “torsion angles” were introduced to connect the two 
molecules in the dimer (Figure 2).

Figure 2. The two intermolecular “torsion angles” that were used to allow the molecules 
in the dimer of compound XV to assume a non-coplanar geometry.

Random crystal structures were generated in the most common space groups with 
Z´ = 1. We note that for molecules with molecular symmetry this can result in space 
groups of higher symmetry, therefore the predicted crystal structures were manually 
checked for higher symmetry afterwards. Due to time limitations, the number of space 
groups tried varies from five (molecule XIV) to ten (molecule XV). Approximately 
10,000 crystal structures were generated per space group.

The top three crystal structures were submitted based on energy considerations 
only. None of the four experimental structures was ranked within the top three. Post ana-
lysis showed that all four experimental structures had been found, with ranks 6th, 10th, 4th 

and >100th for molecules XII through XV respectively; the energy differences are listed 
in Tables 4-7 of the manuscript. The particularly poor ranking of molecule XV, which in 
practical terms means that the experimental structure would never have been regarded as 
a serious candidate, turns out to be due to some error in the description of the relative en-
ergies of the two configurations (Figure 2): the lattice energies of all the predicted crystal 
structures in the “wrong” configuration (i.e. in the configuration that is not observed ex-
perimentally) are systematically about 5 kJ/mol more favourable than those in the “cor-
rect” configuration.

The experimental structures were reproduced very well, as can be seen from the 
RMSD values of the experimental versus the predicted structures in Table 7 of the main 
text. The powder patterns were reproduced equally well, and had experimental—but un-
indexed—powder patterns been available, the correct structures could easily have been 
identified.
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Molecule XII
The single molecule structure was refined with Guassian03 mp2/6-311**(d,p) basis set. 
Structure search with the Prom module of OPix (Version June 2006, A. Gavezzotti) and 
refined with Minop in spacegroups P-1 P21/c C2/c Pbca.  Many of the minimum energy 
structures lay in a range of less than 2 kJ/mol which is far below the aacuracy of the 
energy calculations. For a selected number of structures lattice energy calculations have 
been done with Pixel (Version June 2006, A. Gavezzotti) to obtain a better 
differentiation. Also the energy difference was about a factor 3 higher the sequence of 
the minima did not change. So the selection was done on the (non significant)  lattice 
energy obtained by Minop.

Molecule XIII
The single molecule structure was refined with Guassian03 mp2/6-311**(d,p) basis set. 
Structure search with the Prom module of OPix (Version June 2006, A. Gavezzotti) and 
refined with Minop in spacegroups P-1 P21/c C2/c Pbca.  Again no significant energy 
difference of best energy structures found in the same space group. But better 
discrimination of spacegroups ranging from -79.4 kJ/mol in C2/c to -84.2 kJ/mol in P21/c. 
Two P21/c and one P-1 structures selected with lowest energy. The P-1 structure can be 
transformed to a C2/c structure which has not been found in the C2/c search as the 
molecule lies on a 2-fold axis.

Cocrystal XV
The Prom program can only handle single molecules, so we had to use a fixed arrange-
ment of the two compounds as one molecule. From similar structures found in the CSD 
we assumed a dimer arrangement of the two molecules forming two H-bonds between 
the acid group of the benzoic acid to a ring nitrogen and the amine group of the 
pyrimidine moiety. As the N in ortho position to the methyl group is considered more ba-
sic only that arrangement has been considered. We started with two dimers, one with 
opposite  methyl groups and one with the methyl groups on the same side. The two di-
mer structures were refined with Guassian03 mp2/6-31+(d,p) basis set with CP correc-
tion. Both dimers show a plane arrangement. The  structure with the opposite methyl 
groups was 3.5 kJ/mol lower in energy. Structure search with the Prom module of OPix 
(Version June 2006, A. Gavezzotti) and refined with Minop in spacegroups P-1 P21/c 
C2/c Pbca.  No significant energy difference within space group. Noticeable energy dif-
ferences between space groups and dimers. The Minop program does not take  into ac-
count the energy difference of the two different dimers, so we corrected the energy with 
the difference obtained from the Gaussian03 calculation. No 1 and 2 are the two lowest 
energy structures (P21/c), no 3 is the lowest in P-1 and fourth on the energy scale but 
only 1 kJ/mol above no 3 in P21/c.




